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SEMICONDUCTOR MEMORY DEVICE HAVING ELECTRICALLY FLOATING BODY 
TRANSISTOR, AND HAVING BOTH VOLATILE AND NON-VOLATILE 

FUNCTIONALITY AND METHOD 

CROSS-REFERENCE 

[0001] This application claims the benefit of U.S. Provisional Application No. 

61/302,129, filed 2/7/2010, and U.S. Provisional Application No. 61/425,820, 

filed 12/22/2010,which applications are hereby incorporated herein, in its 

entirety, by reference thereto and to which application we claim priority under 

35 U.S.C. Section 119. 

[ 0002] This application also here by incorporates, in its entirety by reference thereto, 

Application Serial No. 12/797 ,320, filed on 6/9/2010, titled "Semiconductor 

Memory Having Electrically Floating Body Transistor", Application Serial No. 

12/797,334 filed on 6/9/2010, titled "Method of Maintaining the State of 

Semiconductor Memory Having Electrically Floating Body Transistor", 

Application Serial No. 12/897,528, titled ''Compact Semiconductor Device 

Having Reduced Number of Contacts, Methods of Operating and Method of 

Making", Application Serial No. 12/897,516, titled ''Semiconductor Memory 

Device Having An Electrically Floating Body Transistor", Application Serial 

No. 12/897,538, titled ''Semiconductor Memory Device Having An Electrically 

Floating Body Transistor". 

FIELD OF THE INVENTION 

[0003] The present invention relates to semiconductor memory technology. More 

specifically, the present invention relates to a semiconductor memory device 

having an electrically floating body transistor and a semiconductor memory 

device having both volatile and non-volatile functionality. 

BACKGROUND OF THE INVENTION 

[0004] Semiconductor memory devices are used extensively to store data. Static and 

Dynamic Random Access Memory (SRAM and DRAM, respectively) are 
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vvidely used in many applications. SRAM typically consists of six transistors 

and hence has a large cell size. However, unlike DRAM, it does not require 

periodic refresh operations to maintain its memory state. Conventional DRAM 

cells consist of a one-transistor and one-capacitor (1 T/1 C) structure. As the 

1 T/1 C memory cell feature is being scaled, difficulties arise due to the necessity 

of maintaining the capacitance value. 

[0005] DRAM based on the electrically floating body effect has been proposed (see for 

example "A Capacitor-less IT-DRAM Cell", S. Okhonin et al., pp. 85-87, IEEE 

Electron Device Letters, vol. 23, no. 2, February 2002 and "Memory Design 

Using One-Transistor Gain Cell on SOI", T. Ohsawa et al., pp. 152-153, Tech. 

Digest, 2002 IEEE International Solid-State Circuits Conference, February 

2002) . Such memory eliminates the capacitor used in the conventional 1 T/1 C 

memory cell, and thus is easier to scale to smaller feature size. In addition, such 

memory allows for a smaller cell size compared to the conventional 1 T/1 C 

memory cell. However, unlike SRAM, such DRAM memory cell still requires 

refresh operation, since the stored charge leaks over time. 

[ 0006] A conventional 1T11 C DRAM refresh operation involves first reading the state 

of the memory cell, followed by re-writing the memory cell vvith the same data. 

Thus this read-then-write refresh requires two operations: read and write. The 

memory cell cannot be accessed while being refreshed. An "automatic refresh" 

method", which does not require first reading the mem01y cell state, has been 

described in Fazan et al., U.S. Patent No. 7,170,807. However, such operation 

still interrupts access to the memory cells being refreshed. 

[0007] In addition, the charge in a floating body DRAM memory cell decreases over 

repeated read operations. This reduction in floating body charge is due to charge 

pumping, where the floating body charge is attracted to the surface and trapped 

at the interface (see for example "Principles of Transient Charge Pumping on 

Partially Depleted SOI MOSFETs", S. Okhonin, et al., pp. 279-281, IEEE 

Electron Device Letters, vol. 23, no. 5, May 2002). 

[0008] Thus there is a continuing need for semiconductor memory devices and methods 

of operating such devices such that the states of the memory cells of the 

semiconductor memory device are maintained vvithout interrupting the memory 

cell access. 
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[0009] There is also a need for semiconductor memory devices and methods of 

operating the same such that the states of the memory cells are maintained upon 

repeated read operations. 

[0010] Non-volatile mem01y devices, such as flash erasable programmable read only 

memory (Flash EPROM) devices, retain stored data even in the absence of 

power supplied thereto. Unfortunately, non-volatile memory devices typically 

operate more slowly than volatile memory devices. 

[0011] Flash memory device typically employs a floating gate polysilicon as the non­

volatile data storage. This introduces additional process steps from the standard 

complementary metal-oxide-semiconductor (CMOS) process. US 2010/0172184 

"Asymmetric Single Poly NMOS Non-volatile Memory Cell" to Roizin et al. 

("Roizin"), describes a method of forming a single poly non-volatile memory 

device. Similar to many non-volatile memory devices, it operates more slowly 

than volatile memory devices. In addition, non-volatile memory devices can only 

perform limited number of cycles, often referred to as endurance cycle 

limitation. 

[0012] Accordingly, it would be desirable to provide a universal type memory device 

that includes the advantages of both volatile and non-volatile memory devices, 

i.e., fast operation on par with volatile memories, while having the ability to 

retain stored data when power is discontinued to the memory device. It would 

further be desirable to provide such a universal type memory device having a 

size that is not prohibitively larger than comparable volatile or non-volatile 

devices and which has comparable storage capacity to the same. 

[0013] The present invention meets the above needs and more as described in detail 

below. 

SUMMARY OF THE INVENTION 

[0014] In one aspect of the present invention, a method of maintaining a state of a 

memory cell without interrupting access to the memory cell is provided, 

including: applying a back bias to the cell to offset charge leakage out of a 

floating body of the cell, wherein a charge level of the floating body indicates a 

state of the memory cell; and accessing the cell. 
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[0015] In at least one embodiment, the applying comprises applying the back bias to a 

terminal of the cell that is not used for address selection of the cell. 

[0016] In at least one embodiment, the back bias is applied as a constant positive 

voltage bias. 

[0017] In at least one embodiment, the back bias is applied as a periodic pulse of 

positive voltage. 

[0018] In at least one embodiment, a maximum potential that can be stored in the 

floating body is increased by the application of back bias to the cell, resulting in 

a relatively larger mem01y vvindow. 

[0019] In at least one embodiment, the application of back bias performs a holding 

operation on the cell, and the method further comprises simultaneously 

performing a read operation on the cell at the same time that the holding 

operation is being performed. 

[0020] In at least one embodiment, the cell is a multi-level cell, wherein the floating 

body is configured to indicate more than one state by storing multi-bits, and the 

method further includes monitoring cell current of the cell to determine a state of 

the cell. 

[0021] In another aspect of the present invention, a method of operating a memory array 

having rows and columns of memory cells assembled into an array of the 

memory cells is provided, wherein each memory cell has a floating body region 

for storing data; the method including: performing a holding operation on at 

least all of the cells not aligned in a row or column of a selected cell; and 

accessing the selected cell and performing a read or write operation on the 

selected cell while performing the hold operation on the at least all of the cells 

not aligned in a row or column of the selected cell. 

[0022] In at least one embodiment, the performance of a holding operation comprises 

performing the holding operation on all of the cells and the performing a read or 

write operation comprises performing a read operation on the selected cell. 

[0023] In at least one embodiment, the holding operation is performed by applying back 

bias to a terminal not used for mem01y address selection. 

[0024] In at least one embodiment, the terminal is segmented to allow independent 

control of the applied back bias to a selected portion of the memory array. 
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[0025] In at least one embodiment, the performance of a holding operation comprises 

performing the holding operation on all of the cells except for the selected cell, 

and the performing a read or write operation comprises performing a write "O" 

operation on the selected cell, wherein a write "O" operation is also performed on 

all of the cells sharing a common source line terminal with the selected cell 

during the performing a write"O" operation. 

[0026] In at least one embodiment, an individual bit write "O" operation is performed, 

wherein the performing a holding operation comprises performing the holding 

operation on all of the cells except for the selected cell, while the performing a 

read or write operation comprises performing a write ''()" operation on the 

selected cell. 

[0027] In at least one embodiment, the performance of a holding operation comprises 

performing the holding operation on all of the cells except for the selected cell 

while the performing a read or write operation comprises performing a write "l" 

operation on the selected cell. 

[0028] In at least one embodiment, the performance of a holding operation comprises 

performing the holding operation on all of the cells except for the selected cell 

while the performing a read or write operation comprises performing a multi.­

level write operation on the selected cell, using an alternating write and verify 

algorithm. 

[0029] In at least one embodiment, the performance of a holding operation comprises 

performing the holding operation on all of the cells except for the selected cell 

while the performing a read or write operation comprises performing a multi.­

level write operation on the selected cell, wherein the multi-level write operation 

includes: ramping a voltage applied to the selected cell to perform the write 

operation; reading the state of the selected cell by monitoring a change in current 

through the selected cell; and removing the ramped voltage applied once the 

change in cell current reaches a predetermined value. 

[0030] In at least one embodiment, the performance of a holding operation comprises 

performing the holding operation on all of the cells except for the selected cell 

while the performing a read or write operation comprises performing a multi.­

level write operation on the selected cell, wherein the multi-level write operation 

includes: ramping a current applied to the selected cell to perform the write 
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operation; reading the state of the selected cell by monitoring a change in 

voltage across a bit line and a source line of the selected cell; and removing the 

ramped current applied once the change in cell voltage reaches a predetermined 

value. 

[0031] In at least one embodiment, the multi-level write operation permits bit-level 

selection ofa bit portion of memory of the selected cell. 

[0032] In at least one embodiment, the performance of a holding operation comprises 

performing the holding operation on all of the cells except for the selected cell 

while the performing a read or write operation comprises performing a single­

level or multi-level write operation on the selected cell, wherein the single-level 

and each level of the multi-level write operation includes: ramping a voltage 

applied to the selected cell to perform the write operation; reading the state of 

the selected cell by monitoring a change in current toward an addressable 

terminal of the selected cell; and verifying a state of the write operation using a 

reference memory cell. 

[0033] In at least one embodiment, the method further includes configuring a state of 

the reference mem01y cell using a write-then-verify operation, prior to 

performing the write operation. 

[0034] In at least one embodiment, configuring a state of the reference memory cell 

comprises configuring the state upon power up of the memory array. 

[0035] In another aspect of the present invention, a method of operating a memory array 

having rows and columns of memory cells assembled into an array of the 

memory cells is provided, wherein each memory cell has a floating body region 

for storing data; and wherein the method includes: refreshing a state of at least 

one of the memory cells; and accessing at least one other of the memory cells, 

wherein access of the at least one other of the memory cells in not interrupted by 

the refreshing, and wherein the refreshing is performed without alternating read 

and write operations. 

[0036] In at least one embodiment, at least one of the memory cells is a multi-level 

memory cell. 

[0037] In another aspect of the present invention, a method of operating a memory array 

having rows and columns of memory cells assembled into an array of the 

memory cells is provided, wherein each memory cell has a floating body region 
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for storing data; and wherein the method includes: accessing a selected mem01y 

cell from the mem01y cells; and performing a simultaneous write and verify 

operation on the selected mem01y cell without performing an alternating write 

and read operation. 

[0038] In at least one embodiment, the selected memory cell is a multi-level memory 

cell. 

[0039] In at least one embodiment, a verification portion of the write and verify 

operation is performed by sensing a current change in the column direction of 

the array in a column that the selected cell is connected to. 

[0040] In at least one embodiment, a verification portion of the write and verify 

operation is performed by sensing a current change in the row direction of the 

array in a row that the selected cell is connected to. 

[0041] In at least one embodiment, a write portion of the write and verify operation 

employs use of a drain or gate voltage ramp. 

[0042] In at least one embodiment, a write portion of the write and verify operation 

employs use of a drain current ramp. 

[0043] In one aspect of the present invention, an integrated circuit is provided that 

includes a link or string of semiconductor memory cells, wherein each memory 

cell comprises a :floating body region for storing data; and the link or string 

comprises at least one contact configured to electrically connect the memory 

cells to at least one control line, wherein the number of contacts is the same as or 

less than the number of the mem01y cells. 

[0044] In at least one embodiment, the number of contacts is less than the number of 

memory cells. 

[0045] In at least one embodiment, the semiconductor memory cells are connected in 

series and form the string. 

[0046] In at least one embodiment, the semiconductor memory cells are connected in 

parallel and form the link. 

[0047] In at least one embodiment, the integrated circuit is fabricated on a silicon-on­

insulator (SOI) substrate. 

[0048] In at least one embodiment, the integrated circuit is fabricated on a bulk silicon 

substrate. 
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[0049] In at least one embodiment, the number of contacts is hvo, and the number of 

semiconductor memory cells is greater than hvo. 

[0050] In at least one embodiment, the memory cells further comprise first and second 

conductive regions interfacing vvith the floating body region. 

[0051] In at least one embodiment, the first and second conductive regions are shared 

by adjacent ones of the memory cells for each the memory cell having the 

adjacent memory cells. 

[0052] In at least one embodiment, each memory cell further comprises first, second, 

and third conductive regions interfacing vvith the floating body region. 

[0053] In at least one embodiment, each memory cell further comprises a gate insulated 

from the floating body region. 

[0054] In at least one embodiment, at least one of the memory cells is a contactless 

memory cell. 

[0055] In at least one embodiment, a majority of the memory cells are contactless 

memory cells. 

[0056] In at least one embodiment, the memory cells store multi-bit data. 

[0057] In another aspect of the present invention, an integrated circuit is provided that 

includes a plurality of contactless semiconductor mem01y cells, each 

semiconductor memory cell including: a floating body region for storing data; 

first and second conductive regions interfacing vvith the floating body region; a 

gate above a surface of the floating body region; and an insulating region 

insulating the gate from the floating body region. 

[0058] In at least one embodiment, the contactless memory cells are connected in series. 

[0059] In at least one embodiment, the contactless memory cells are coJlllected in 

parallel. 

[0060] In at least one embodiment, the integrated circuit compnses at least one 

semiconductor memory cell having at least one contact, a total number of the 

contacts being less than a total number of memory cells that includes a total 

number of the memory cells having at least one contact and a total number of the 

contactless memory cells. 

[0061] In another aspect of the present invention, an integrated circuit is provided that 

includes: a plurality of semiconductor memory cells coJlllected in series, each 

semiconductor memory cell comprising: a floating body region for storing data; 
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first and second conductive regions interfacing vvith the floating body region; a 

gate above a surface of the floating body region; and an insulating region 

insulating the gate and the floating body region. 

[0062] In at least one embodiment, at least one of the semiconductor memory cells is a 

contactless semiconductor memory cell. 

[0063] In at least one embodiment, the at least one contactless semiconductor memory 

cell comprises a third conductive region interfacing vvith the :floating body 

reg10n. 

[0064] In another aspect of the present invention, an integrated circuit is provided that 

includes a plurality of semiconductor mem01y cells connected in parallel, each 

semiconductor memory cell comprising: a floating body region for storing data; 

a conductive region interfacing vvith the floating body region; a gate above a 

surface of the floating body region; and an insulating region insulating the gate 

from the :floating substrate region; wherein at least one of the semiconductor 

memory cells is a contactless semiconductor memory cell. 

[0065] In at least one embodiment, a majority of the semiconductor memory cells are 

contactless semiconductor memory cells. 

[0066] In at least one embodiment, the integrated circuit compnses a number of 

contacts, the number being less than or equal to a number of the memory cells. 

[0067] In at least one embodiment, the mem01y cells each further comprise a second 

conductive region interfacing vvith the floating body region. 

[0068] In at least one embodiment, the memory cells each further comprise second and 

third conductive regions interfacing vvith the floating body region. 

[0069] In another aspect of the present invention, an integrated circuit is provided that 

includes a plurality of contactless semiconductor memory cells connected in 

parallel, each semiconductor memory cell comprising: a floating body region 

for storing data; first and second conductive regions interfacing vvith the floating 

body region; a gate above a surface of the floating region; and an insulating 

region insulating the gate and the floating body region. 

[0070] In another aspect of the present invention, an integrated circuit is provided that 

includes: a mem01y string or link comprising a set of contactless semiconductor 

memory cells; and a first contact contacting a first additional semiconductor 
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memory cell; wherein the contactless semiconductor memory cells are accessible 

via the first contact. 

[0071] In at least one embodiment, the integrated circuit further includes a second 

contact contacting a second additional semiconductor memory cell; wherein the 

contactless semiconductor memory cells are accessible via the second contact. 

[0072] In at least one embodiment, the contactless semiconductor mem01y cells and the 

additional semiconductor memory cell are connected in series. 

[0073] In at least one embodiment, the memory string or link comprises a first memory 

string or link and the set comprises a first set, the integrated circuit further 

compnsmg: a second memory string or link comprising a second set of 

contactless semiconductor memory cells; and a second contact contacting a 

second additional semiconductor memory cell; wherein the second set of 

contactless semiconductor memory cells are accessible via the second contact. 

[0074] In at least one embodiment, the memory string or link comprises a first memory 

string and the set comprises a first set, the integrated circuit further comprising: 

a second memory string comprising a second set of contactless semiconductor 

memory cells; a third contact contacting a third additional semiconductor 

memory cell; and a fourth contact contacting a fourth additional semiconductor 

memory cell; wherein the second set of contactless semiconductor mem01y cells 

are accessible via the third and fourth contacts; wherein the first set of 

contactless semiconductor memory cells, the first additional semiconductor 

memory cell and the second additional semiconductor memory cell are 

connected in series, and wherein the second set of contactless semiconductor 

memory cells, the third additional semiconductor memory cell and the fourth 

additional semiconductor mem01y cell are connected in series in the second 

string. 

[0075] In at least one embodiment, the integrated circuit further includes a first terminal 

connected to the first contact and the third contact; a second terminal connected 

to the second contact; and a third terminal connected to the fourth contact. 

[0076] In at least one embodiment, the semiconductor memory cells comprise 

substantially planar semiconductor memory cells. 

[0077] In at least one embodiment, the semiconductor memory cells comprise fin-type, 

three-dimensional semiconductor memory cells. 
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[0078] In at least one embodiment, the first set of contactless semiconductor memory 

cells are aligned side-by side of the second set of contactless semiconductor 

memory cells; the first string comprises a first set of insulation portions that 

insulate adjacent memory cells in the first string, and a second set of insulation 

portions that insulate the memory cells in the first string from adjacent memory 

cells in the second string; and the second string comprises a third set of 

insulation portions that insulate adjacent memory cells in the second string, and 

a fourth set of insulation portions that insulate the memory cells in the second 

string from adjacent memory cells in the first string. 

[0079] In at least one embodiment, the first and second contacts are located at first and 

second ends of the memory string. 

[0080] In at least one embodiment, each semiconductor mem01y cell comprises: a 

floating body region for storing data; first and second conductive regions 

interfacing vvith the floating body region; a gate above a surface of the floating 

region; an insulating region insulating the gate from the floating body region; 

and a word line terminal electrically connected to the gate. 

[0081] In another aspect of the present invention an integrated circuit includes a 

plurality of floating body mem01y cells which are linked either in series or in 

parallel. The connections between the memory cells are made to reduce the 

number of contacts for the overall circuit. Because several memory cells are 

connected either in series or in parallel, a compact memory array is provided. 

[0082] These and other features of the invention vvill become apparent to those persons 

skilled in the art upon reading the details of the integrated circuits, strings, links 

memory cells and methods as more fully described below. 

[0083] In one aspect of the present invention, a semiconductor mem01y cell includes: a 

substrate having a first conductivity type; a substrate terminal connected to the 

substrate; a first region embedded in the substrate at a first location of the 

substrate and having a second conductivity type; one of a bit line terminal and a 

source line terminal connected to the first region; a second region embedded in 

the substrate at a second location of the substrate and have the second 

conductivity type, such that at least a portion of the substrate having the first 

conductivity type is located between the first and second locations and functions 

as a floating body to store data in volatile memory; the other of the bit line 
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terminal and the source line terminal connected to the second region; a trapping 

layer positioned in between the first and second locations and above a surface of 

the substrate; the trapping layer comprising first and second storage locations 

being configured to store data as nonvolatile mem01y independently of one 

another, wherein the first and second storage locations are each configured to 

receive transfer of data stored by the volatile memory; and a control gate 

positioned above the trapping layer. 

[0084] In at least one embodiment, the surface comprises a top surface, the cell further 

comprising a buried layer at a bottom portion of the substrate, the buried layer 

having the second conductivity type; and a buried well terminal connected to the 

buried layer. 

[0085] In at least one embodiment, the floating body is completely bounded by the top 

surface, the first and second regions and the buried layer. 

[0086] In at least one embodiment, the first conductivity type is "p" type and the second 

conductivity type is "n" type. 

[0087] In at least one embodiment, the semiconductor memory cell further comprises 

insulating layers bounding the side surfaces of the substrate. 

[0088] In at least one embodiment, the cell functions as a multi-level cell. 

[0089] In at least one embodiment, at least one of the first and second storage locations 

is configured so that more than one bit of data can be stored in the at least one of 

the first and second storage locations, respectively. 

[0090] In at least one embodiment, the floating body is configured so that more than 

one bit of data can be stored therein. 

[0091] In another aspect of the present invention, a method of operating a memory cell 

device having a plurality of memory cells each having a floating body for storing 

data as volatile memory, and a trapping layer having first and second storage 

locations for storing data as non-volatile memory is provided, including: 

operating the memory cell as a volatile memory cell when power is supplied to 

the mem01y cell; upon discontinuation of power to the memory cell, resetting 

non-volatile memory of the mem01y cell to a predetermined state; and 

performing a shadowing operation wherein content of the volatile memory cell is 

loaded into the non-volatile memory. 
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[0092] In at least one embodiment, the method further includes shutting dmvn the 

memory cell device, wherein the memory cell device, upon the shutting down, 

operates as a flash, erasable, programmable read-only memory. 

[0093] In at least one embodiment, the method further includes restoring power to the 

memory cell, wherein upon the restoring power, carrying out a restore process 

wherein content of the non-volatile memory is loaded into the volatile memory. 

[0094] In another aspect of the present invention, a method of operating a memory cell 

device includes: providing a memory cell device having a plurality of memory 

cells, each the memory cell having a floating body for storing data as volatile 

memory and a trapping layer for storing data as non-volatile memory; and 

operating at least one of the memory cells as a volatile memory cell, 

independently of the non-volatile memory of the respective memory cell. 

[0095] In at least one embodiment, the operating comprises applying a voltage to a 

region at a surface of the cell adjacentto a non-volatile storage location of the 

non-volatile memory. 

[0096] In at least one embodiment, the applying a voltage comprises applying a positive 

voltage and the floating body of the cell has a p-type conductivity type. 

[0097] In at least one embodiment, the operating comprises operating the volatile 

memory to perform at least one of a reading operation, a writing operation, and 

or a holding operation. 

[0098] In at least one embodiment, the method further includes performing a reset 

operation to initialize a state of the non-volatile memory. 

[0099] In at least one embodiment, the method further includes performing a shadowing 

operation to load a content of the volatile memory into the non-volatile memory. 

[00100] In another aspect of the present invention, a semiconductor memory cell is 

provided that includes a floating body region for storing data as volatile 

memory; and a trapping layer for storing data as non-volatile memory; wherein 

the data stored as volatile memory and the data stored as non-volatile memory 

are independent of one another, as the floating body region can be operated 

independently of the trapping layer and the trapping layer can be operated 

independently of the floating body region. 
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[00101] In at least one embodiment, the :floating body region has a first conductivity 

type and is bounded by a buried layer have a second conductivity type different 

from the first conductivity type. 

[00102] In at least one embodiment, the first conductivity type is ''p" type and the 

second conductivity type is "n" type. 

[00103] In at least one embodiment, the :floating body region is bounded by a buried 

insulator. 

[00104] In at least one embodiment, the floating body reg10n 1s formed in a 

substrate, the cell further comprises insulating layers bounding side surfaces of 

the substrate. 

[00105] 

[00106] 

In at least one embodiment, the cell functions as a multi-level cell. 

In at least one embodiment, the trapping layer comprises first and second 

storage locations, the first and second storage locations each being configured to 

store data independently of the other, as non-volatile mem01y. 

[00107] In one aspect of the present invention, a single polysilicon :floating gate 

semiconductor memory cell is provided that includes: a substrate; a floating 

body region exposed at a surface of the substrate and configured to store volatile 

memory; a single polysilicon :floating gate configured to store nonvolatile data; 

an insulating region insulating the floating body region from the single 

polysilicon :floating gate; and first and second regions exposed at the surface at 

locations other than where the floating body region is exposed; wherein the 

floating gate is configured to receive transfer of data stored by the volatile 

memory. 

[00108] In at least one embodiment, the first and second regions are asymmetric, 

wherein a first area defines an area over which the first region is exposed at the 

surface and a second area defines an area over which the second region is 

exposed at the surface, and wherein the first area is unequal to the second area. 

[00109] In at least one embodiment, one of the first and second regions at the surface 

has a higher coupling to the :floating gate relative to coupling of the other of the 

first and second regions to the :floating gate. 

[00110] In at least one embodiment, the cell includes a buried layer at a bottom 

portion of the substrate, the buried layer having a conductivity type that is 

different from a conductivity type of the :floating body region. 
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[00111] In at least one embodiment, the floating body is bounded by the surface, the 

first and second regions and the buried layer. 

[00112] In at least one embodiment, insulating layers bound side surfaces of the 

substrate. 

[00113] In at least one embodiment, a buried insulator layer is buried in a bottom 

portion of the substrate 

[00114] In at least one embodiment, the floating body is bounded by the surface, the 

first and second regions and the buried insulator layer. 

[00115] In at least one embodiment, the floating gate overlies an area of the floating 

body exposed at the surface, and a gap is located behveen the area overlaid and 

one of the first and second regions. 

[00116] In at least one embodiment, a select gate is positioned adjacent to the single 

polysilicon :floating gate. 

[00117] In at least one embodiment, the first and second regions are asymmetric, 

wherein a first area defines an area over which the first region is exposed at the 

surface and a second area defines an area over which the second region is 

exposed at the surface, and wherein the first area is unequal to the second area. 

[00118] 

[00119] 

In at least one embodiment, the select gate overlaps the floating gate. 

In another aspect of the present invention, a semiconductor mem01y cell is 

provided that includes: a substrate; a floating body region configured to store 

volatile memory; a stacked gate nonvolatile mem01y comprising a floating gate 

adjacent the substrate and a control gate adjacent the :floating gate such that the 

floating gate is positioned behveen the control gate and the substrate; and a 

select gate positioned adjacent the substrate and the floating gate. 

[00120] In at least one embodiment, the floating body is exposed at a surface of the 

substrate, and the cell further includes: first and second regions each exposed at 

the surface at locations other than where the floating body region is exposed; 

wherein the first and second regions are asymmetric, wherein a first area defines 

an area over which the first region is exposed at the surface and a second area 

defines an area over which the second region is exposed at the surface, and 

wherein the first area is unequal to the second area. 
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[00121] In at least one embodiment, one of the first and second regions at the surface 

has a higher coupling to the :floating gate relative to coupling of the other of the 

first and second regions to the floating gate. 

[00122] In at least one embodiment, a buried layer is buried in a bottom portion of 

the substrate, the buried layer having a conductivity type different from a 

conductivity type of the floating body region. 

[00123] In at least one embodiment, the floating body is bounded by the surface, the 

first and second regions and the buried layer. 

[00124] In at least one embodiment, insulating layers bound side surfaces of the 

substrate. 

[00125] In at least one embodiment, a buried insulator layer is buried in a bottom 

portion of the substrate. 

[00126] In at least one embodiment, the floating body is bounded by the surface, the 

first and second regions and the buried insulator layer. 

[00127] In another aspect of the present invention, a single polysilicon floating gate 

semiconductor memory cell is provided that includes: a substrate; a floating 

body region for storing data as volatile memory, and a single polysilicon floating 

gate for storing data as non-volatile memory; wherein the :floating body region 

stores the data stored as volatile memory independently of the data stored as 

non-volatile memory, and the single polysilicon floating gate stores the data 

stored as volatile memory independently of the data stored as volatile mem01y. 

[00128] In at least one embodiment, the floating body region has a first conductivity 

type and is bounded by a buried layer having a second conductivity type 

different from the first conductivity type. 

[00129] In at least one embodiment, the floating body region is bounded a buried 

insulator. 

[00130] In at least one embodiment, the first conductivity type is "p" type and the 

second conductivity type is "n" type. 

[00131] In at least one embodiment, insulating layers bound side surfaces of the 

substrate. 

[00132] In another aspect of the present invention, a method of operating a memory 

cell device having a plurality of memory cells each having a floating body for 

storing data as volatile memory, and a floating gate for storing data as non-
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volatile memory is provided, including: operating the memory cell as a volatile 

memory cell when power is supplied to the memory cell; upon discontinuation 

of power to the memory cell, resetting non-volatile memory of the memory cell 

to a predetermined state; and performing a shadowing operation wherein content 

of the volatile memory cell is loaded into the non-volatile memory. 

[00133] In at least one embodiment, the method further includes shutting down the 

memory cell device, wherein the memory cell device, upon the shutting down, 

operates as a flash, erasable, programmable read-only memory. 

[00134] In at least one embodiment, the method further includes restoring power to 

the mem01y cell, wherein upon the restoring power, carrying out a restore 

process wherein content of the non-volatile mem01y is loaded into the volatile 

memory. 

[00135] In another aspect of the present invention, a method of operating a memory 

cell device includes: providing a memory cell device having a plurality of 

memory cells each having a :floating body for storing data as volatile memory, a 

floating gate for storing data as non-volatile memory, and a control gate; and 

operating the memory cell as a volatile memory cell independent of the non­

volatile memory data. 

[00136] In at least one embodiment, the method further includes applying a voltage 

to the control gate to invert a channel region underneath the floating gate, 

regardless of charge stored in the floating gate. 

[00137] In at least one embodiment, the method further includes applying a positive 

voltage to a region of the substrate coupled to the :floating gate, and wherein the 

floating body has a ''p" type conductivity type. 

[00138] In at least one embodiment, the operation the memory cell as a volatile 

memory comprises performing at least one of reading, writing, and holding 

operations. 

[00139] In at least one embodiment, the method further includes performing a reset 

operation to initialize a state of the non-volatile mem01y. 

[00140] In at least one embodiment, the method further includes performing a 

shadowing operation to load content of the volatile memory into the non­

volatile memory. 

[00141] These and other features of the invention will become apparent to those 
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persons skilled in the art upon reading the details of the methods, devices and 

arrays as more fully described below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[00142] Fig. 1 is a schematic illustration of a memory cell according to an 

embodiment of the present invention. 

[00143] Fig. 2 schematically illustrates multiple cells joined in an array to make a 

memory device according to an embodiment of the present invention .. 

[00144] Fig. 3 schematically illustrates n-p-n bipolar devices that are inherently 

formed in a memory cell according to an embodiment of the present invention. 

[00145] Fig. 4A illustrates segmenting of substrate terminals in an array according to 

an embodiment of the present invention. 

[00146] Fig. 4B schematically illustrates multiplexers used to determine the biases 

applied to segmented substrate terminals according to an embodiment of the 

present invention. 

[00147] Fig. 4C schematically illustrates use of a voltage generator circuitries to 

input positive bias to the multiplexers according to an embodiment of the present 

invention. 

[00148] Fig. 5 graphically illustrates that the maximum charge stored in a floating 

body of a memory cell can be increased by applying a positive bias to the 

substrate terminal according to an embodiment of the present invention. 

[00149] Fig. 6A graphs floating body potential as a function of floating body current 

and substrate potential according to an embodiment of the present invention. 

[00150] Fig. 6B graphs floating body potential as a function of floating body current 

and buried well potential according to an embodiment of the present invention. 

[00151] Fig. 7 shows bias conditions for a selected memory cell and unselected 

memory cells in a memory array according to an embodiment of the present 

invention. 

[00152] Fig. SA illustrates an unselected memory cell sharing the same row as a 

selected mem01y cell during a read operation of the selected memory cell 

according to an embodiment of the present invention. 
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[00153] Fig. SB illustrates the states of the n-p-n bipolar devices of the unselected 

memory cell of Fig. SA during the read operation of the selected memory cell 

according to the embodiment of Fig. SA. 

[00154] Fig. SC illustrates an unselected memory cell sharing the same column as 

a selected memory cell during a read operation of the selected memory cell 

according to the embodiment of Fig. SA. 

[00155] Fig. SD illustrates the states of the n-p-n bipolar devices of the unselected 

memory cell of Fig. SC during the read operation of the selected memory cell 

according to the embodiment of Fig. SA. 

[00156] Fig. SE illustrates an unselected memory cell that shares neither the same 

row nor the same column as a selected memory cell during a read operation of 

the selected memory cell according to the embodiment of Fig. SA. 

[00157] Fig. SF illustrates the states of the n-p-n bipolar devices of the unselected 

memory cell of Fig. SE during the read operation of the selected memory cell 

according to the embodiment of Fig. SA. 

[00158] Fig. 9 is a schematic illustration of a write ''()" operation to a memory 

cell according to an embodiment of the present invention. 

[00159] Fig. 10 shows an example of bias conditions for a selected memory cell 

and unselected memory cells during a write "O" operation in a memory array 

according to an embodiment of the present invention. 

[00160] Fig. llA illustrates an example of bias conditions on unselected memory 

cells during a write ''()" operation according to an embodiment of the present 

invention. 

[00161] Fig. llB shows an equivalent circuit diagram for the cell of Fig. 1 lA 

illustrating the intrinsic n-p-n bipolar devices. 

[00162] Fig. 12 shows bias conditions for selected and unselected memory cells 

of a memory array during a write "O" operation according to an embodiment of 

the present invention. 

[00163] Fig. 13A illustrates an example of bias conditions on a selected mem01y 

cell during a write ''()" operation according to an embodiment of the present 

invention. 

[00164] Fig. 13B shows an equivalent circuit diagram for the cell of Fig. 13A 

illustrating the intrinsic n-p-n bipolar devices. 
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[00165] Fig. 13C illustrates an example of bias conditions on unselected mem01y 

cells sharing the same row as a selected memory cell in an array during a write 

"O" operation of the selected memory cell, according to the embodiment of Fig. 

13A. 

[00166] Fig. 13D shows an equivalent circuit diagram for the cell of Fig. 13C 

illustrating the intrinsic n-p-n bipolar devices. 

[00167] Fig. 13E illustrates an example of bias conditions on unselected memory 

cells sharing the same column as a selected memory cell in an array during a 

write''()" operation of the selected memory cell, according to the embodiment of 

Fig. 13A. 

[00168] Fig. 13F shows an equivalent circuit diagram for the cell of Fig. 13E 

illustrating the intrinsic n-p-n bipolar devices. 

[00169] Fig. 13G illustrates an example of bias conditions on unselected memory 

cells that share neither the same row nor the same column as a selected mem01y 

cell in an array during a write ''()" operation of the selected memory cell, 

according to the embodiment of Fig. 13A. 

[00170] Fig. 13H shows an equivalent circuit diagram for the cell of Fig. 13G 

illustrating the intrinsic n-p-n bipolar devices. 

[00171] Fig. I4 illustrates an example of bias conditions of a selected memory 

cell and unselected mem01y cells in an array under a band-to-band tunneling 

write "I" operation of the selected cell according to an embodiment of the 

present invention. 

[00172] Fig. ISA illustrates an example of bias conditions on the selected 

memory cell of Fig. I4. 

[00173] Fig. ISB shows an equivalent circuit diagram for the cell of Fig. ISA 

illustrating the intrinsic n-p-n bipolar devices. 

[00174] Fig. ISC illustrates an example of bias conditions on unselected mem01y 

cells sharing the same row as a selected memory cell in an array during a write 

"I" operation of the selected memory cell, according to the embodiment of Fig. 

ISA. 

[00175] Fig. ISD shows an equivalent circuit diagram for the cell of Fig. ISC 

illustrating the intrinsic n-p-n bipolar devices. 
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[00176] Fig. lSE illustrates an example of bias conditions on unselected memory 

cells sharing the same column as a selected memory cell in an array during a 

write "1" operation of the selected memory cell, according to the embodiment of 

Fig. ISA. 

[00177] Fig. ISF shows an equivalent circuit diagram for the cell of Fig. lSE 

illustrating the intrinsic n-p-n bipolar devices. 

[00178] Fig. lSG illustrates an example of bias conditions on unselected memory 

cells that share neither the same row nor the same column as a selected mem01y 

cell in an array during a write "1" operation of the selected memory cell, 

according to the embodiment of Fig. ISA. 

[00179] Fig. lSH shows an equivalent circuit diagram for the cell of Fig. lSG 

illustrating the intrinsic n-p-n bipolar devices. 

[00180] Fig. 16A shows a reference generator circuit which serves to generate the 

initial cumulative cell current of the mem01y cells sharing the same source line 

being written, according to an embodiment of the present invention. 

[00181] Fig. 16B shows a reference generator circuit which serves to generate the 

initial cumulative cell current of the mem01y cells sharing the same source line 

being written, according to another embodiment of the present invention. 

[00182] Fig. 16C shows a reference generator circuit which serves to generate the 

initial cumulative cell current of the mem01y cells sharing the same source line 

being written, according to another embodiment of the present invention. 

[00183] Fig. 17 graphically illustrates that the potential of the floating body of a 

memory cell will increase over ti.me as bias conditions are applied that will result 

in hole injection to the floating body, according to an embodiment of the present 

invention. 

[00184] Fig. 1 SA schematically illustrates reference generator circuitry and read 

circuitry connected to a memory array according to an embodiment of the 

present invention. 

[00185] Fig. 18B shows a schematic of a voltage sensing circuitry configured to 

measure the voltage across the source line and the bit line terminals of a mem01y 

cell according to an embodiment of the present invention. 
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[00186] Fig. 19 illustrates bias conditions on a selected cell and unselected cells 

of an array during a read operation on the selected cell according to an 

embodiment of the present invention. 

[00187] Fig. 20 illustrates bias conditions on a selected cell and unselected cells 

of an array during a write "O" operation on the selected cell according to an 

embodiment of the present invention. 

[00188] Fig. 21 illustrates bias conditions on a selected cell and unselected cells 

of an array during a write ''()" operation on the selected cell according to another 

embodiment of the present invention. 

[00189] Fig. 22 illustrates bias conditions on a selected cell and unselected cells 

of an array during a band-to-band tunneling write "l" operation on the selected 

cell according to another embodiment of the present invention. 

[00190] Fig. 23A is a schematic illustration of a memory cell according to 

another embodiment of the present invention. 

[00191] Fig. 23B is a schematic illustration of a memory cell according to another 

embodiment of the present invention shmving contacts to the buried well and 

substrate regions. 

[00192] Fig. 24 schematically illustrates an array of memory cells of the type 

illustrated in Fig. 23. 

[00193] Fig. 25 schematically illustrates n-p-n bipolar devices inherent in the cell 

of Fig. 23. 

[00194] Fig. 26 illustrates an example of bias conditions on an array during 

performance of a read operation on a selected cell according to an embodiment 

of the present invention. 

[00195] Fig. 27 illustrates bias conditions on a selected cell and unselected cells 

of an array during a write "O" operation on the selected cell according to an 

embodiment of the present invention. 

[00196] Fig. 28A illustrates an example of bias conditions on the selected 

memory cell of Fig. 27. 

[00197] Fig. 28B shows an equivalent circuit diagram for the cell of Fig. 28A 

illustrating the intrinsic n-p-n bipolar devices. 

[00198] Fig. 28C illustrates an example of bias conditions on unselected mem01y 

cells sharing the same row as a selected memory cell in an array during a write 
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"O" operation of the selected memory cell, according to the embodiment of Fig. 

27. 

[00199] Fig. 28D shows an equivalent circuit diagram for the cell of Fig. 28C 

illustrating the intrinsic n-p-n bipolar devices. 

[00200] Fig. 28E illustrates an example of bias conditions on unselected memory 

cells sharing the same column as a selected memory cell in an array during a 

write''()" operation of the selected memory cell, according to the embodiment of 

Fig. 27. 

[00201] Fig. 28F shows an equivalent circuit diagram for the cell of Fig. 28E 

illustrating the intrinsic n-p-n bipolar devices. 

[00202] Fig. 28G illustrates an example of bias conditions on unselected memory 

cells that share neither the same row nor the same column as a selected mem01y 

cell in an array during a write ''()" operation of the selected memory cell, 

according to the embodiment of Fig. 27. 

[00203] Fig. 28H shows an equivalent circuit diagram for the cell of Fig. 28G 

illustrating the intrinsic n-p-n bipolar devices. 

[00204] Fig. 29 illustrates an example of bias conditions applied to a selected 

memory cell under a band-to-band tunneling write "1" operation according to an 

embodiment of the present invention. 

[00205] Fig. 30 is a schematic illustration of a memory cell according to another 

embodiment of the present invention. 

[00206] Fig. 31 is a schematic illustration of a memory cell according to another 

embodiment of the present invention. 

[00207] Fig. 32 is a schematic illustration of a memory cell according to another 

embodiment of the present invention. 

[00208] Fig. 33 is a schematic illustration of a memory cell according to another 

embodiment of the present invention. 

[00209] Fig. 34 is a top view, schematic illustration of a memory cell of Figs. 30 

and 32. 

[00210] Figs. 35A through 35E illustrate an array and details of a first exemplazy 

memory cell according to the present invention. 
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[00211] Figs. 36A through 36U illustrate a method of manufacturing a memory 

cell according to the present invention. 

[00212] Figs. 3 7 A through 3 7C illustrate a method of maintaining the state of a 

memory cell according to the present invention. 

[00213] Figs. 38A through 38D illustrate methods of maintaining the state of the 

data stored in an array of memory cells according to the present invention. 

[00214] Fig. 39 is a graph of the floating body voltage in a mem01y cell 

according to the present invention. 

[00215] Fig. 40 is a graph of current-voltage curves of a memory cell according 

to the present invention. 

[00216] Fig. 41 illustrates a read operation performed on an array of memory 

cells according to the present invention. 

[00217] Figs. 42A through 42H illustrate the operation of four representative 

memory cells of the array of Fig. 41. 

[00218] Figs. 43A and 43B illustrates the operation of selected memory cells 

according to the present invention during a first type of write logic-0 operation. 

[00219] Fig. 44 illustrates an array of memory cells according to the present 

invention during the first type of write logic-0 operation of Fig. 43. 

[00220] Fig. 45 illustrates the operation of unselected memory cells according to 

the present invention of the array of Fig. 46 during a second type of write logic-0 

operation. 

[00221] Fig. 46 illustrates an array of memory cells according to the present 

invention during a second type of write logic-0 operation. 

[00222] Fig. 47 illustrates an array of memory cells according to the present 

invention during a third type of write logic-0 operation. 

[00223] Figs. 48A through 48H illustrate the operation of four representative 

memory cells of the array of Fig. 47 during the third type oflogic operation. 

[00224] Fig. 49 illustrates an array of memory cells according to the present 

invention during a first type of write logic-1 operation. 

[00225] Figs. 50A through 50H illustrate the operation of four representative 

memory cells of the array of Fig. 15 during the first type of write logic-1 

operation. 
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[00226] Fig. S l illustrates an array of memory cells according to the present 

invention during a second type of write logic-1 operation. 

[00227] Figs. S2A through S2H illustrate the operation of four representative 

memory cells of the array of Fig. Sl during the second type of write logic-1 

operation. 

[00228] Figs. S3A through S3D illustrate a second exemplary memory cell 

according to the present invention. 

[00229] Figs. S4A through S4H illustrate performing operations on an array of the 

memory cell of Figs. S3A through S3D. 

[00230] Figs. SSA through SSF illustrate multilevel operations on a memory cell 

according to the present invention. 

[00231] Fig. S6 illustrates an alternate memory cell according to the present 

invention. 

[00232] 

[00233] 

Fig. S7 illustrates a top view of the memory cell of Fig. S6. 

Fig. SSA illustrates another alternate memory cell according to the 

present invention. 

[00234] 

[00235] 

Fig SSE illustrates an array of the memory cell of Fig. SSA. 

Figs. S9A through S9F illustrate a third exemplary memory cell 

according to the present invention. 

[00236] Figs. 60A through 60F illustrate an alternate physical embodiment of the 

memory cell of Figs. S9A through S9F. 

[00237] Fig. 61A illustrates an array of the memory cell of the embodiments of 

Figs. S9A through S9F and Figs. 60A through 60F. 

[00238] Fig. 61B illustrates a circuit schematic of an individual cell of the 

embodiments of Figs. S9A through S9F and Figs. 60A through 60F. 

[00239] Fig. 62 illustrates a hold operation performed on the array of Fig. 61A. 

[00240] 

[00241] 

Fig. 63 illustrates a read operation performed on the array of Fig. 61A. 

Figs. 64A through 64P illustrate the operation of eight representative 

memory cells of the array of Fig. 63. 

[00242] Fig. 6S illustrates a hvo row write logic-0 operation on the memory array 

of Fig. 61A. 

[00243] Figs. 66A and 66B illustrate the operation of unselected mem01y cells in 

Fig. 6S. 
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[00244] Fig. 67 illustrates a single column write logic-0 operation on the memory 

array of Fig. 61A. 

[00245] Fig. 68 illustrates a single mem01y cell write logic-0 operation on the 

memory array of Fig. 61A. 

[00246] Figs. 69A through 69P illustrate the operation of eight representative 

memory cells of the array of Fig. 68. 

[00247] Fig. 70 illustrates a single mem01y cell write logic-1 operation on the 

memory array of Fig. 61A. 

[00248] Figs. 7 lA through 71 P illustrate the operation of eight representative 

memory cells of the array of Fig. 70. 

[00249] Fig. 72 illustrates an alternate single memory cell write logic-1 operation 

on the memory array of Fig. 61A. 

[00250] Figs. 73A through 73B illustrates a possible write disturb condition 

resulting from the single memory cell write logic-1 operation of Fig. 72. 

[00251] Fig. 7 4 illustrates another alternate single memory cell write logic-1 

operation on the mem01y array of Fig. 61A. 

[00252] Figs. 75A and 75B illustrates additional alternate methods of 

manufacturing a memory cell according to the present invention. 

[00253] Figs. 7 6A through 76AA illustrate a method of manufacturing the 

memory cell of Fig. 75B. 

[00254] Figs. 77 A through 77F illustrate a fourth exemplary memory cell 

according to the present invention. 

[00255] Figs. 78A and 78B illustrate different holding operations on a memory 

array of the memory cells of Figs. 77 A through 77F. 

[00256] Figs. 79 and 80A through 80H illustrate a read operation on a mem01y 

array of the memory cells of Figs. 77 A through 77F. 

[00257] Fig. 81 illustrates a single mem01y cell write logic-0 operation on the 

memory array of Fig. 77F. 

[00258] Figs. 82A through 82B illustrate the operation of the unselected mem01y 

cells of the array of Fig. 81. 

[00259] Fig. 83 illustrates a single mem01y cell write logic-0 operation on the 

memory array of Fig. 77F. 
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[00260] Figs. 84A through 84H illustrate the operation of four representative 

memory cells of the array of Fig. 83. 

[00261] Figs. SSA through 85F illustrate a fifth exemplary memory cell according 

to the present invention. 

[00262] Fig. 86 illustrates the hold operation when using memory cells of the 

present invention in SCR mode. 

[00263] Fig. 87 illustrates the single cell read operation when using memory cells 

of the present invention in SCR mode. 

[00264] Fig. 88 illustrates the single cell write logic-1 operation when using 

memory cells of the present invention in SCR mode. 

[00265] Fig. 89 illustrates the single cell write logic-0 operation when using 

memory cells of the present invention in SCR mode. 

[00266] Figs. 90A through 90C illustrate standard MOSFET transistors of the 

prior art. 

[00267] Fig. 91 schematically illustrates a memory cell in accordance with an 

embodiment of the present invention. 

[00268] Fig. 92A schematically illustrates a memory array having a plurality of 

memory cells according to an embodiment of the present invention. 

[00269] Fig. 92B schematically illustrates a mem01y array having a plurality of 

memory cells , with read circuitry connected thereto that can be used to 

determine data states, according to an embodiment of the present invention 

[00270] Fig. 93 shows exemplary bias conditions for reading a selected mem01y 

cell, as wells as bias conditions of unselected memory cells in a memory array 

according to an embodiment of the present invention. 

[00271] Fig. 94A shows exemplary bias conditions for reading a selected memory 

cell according to an embodiment of the present invention. 

[00272] Figs. 94B-94D illustrate bias conditions on unselected memory cells 

during the exemplary read operation described with regard to Fig. 93, according 

to an embodiment of the present invention. 

[00273] Fig. 95 schematically illustrates and example of a write ''()" operation of 

a cell according to an embodiment of the present invention. 
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[00274] Figs. 96A-96B show an example of bias conditions of selected and 

unselected memory cells during a write "O" operation according to an 

embodiment of the present invention. 

[00275] Fig. 97 illustrates bias conditions for cells in an array during a write "O" 

operation in which all mem01y cells sharing the same BL terminal are written 

into state''()" according to an embodiment of the present invention. 

[00276] Fig. 98 illustrates bias conditions for selected and unselected mem01y 

cells of a memory array for a write "O" operation according to an alternative 

embodiment of the present invention. 

[00277] Fig. 99A illustrates bias conditions of the selected memory cell under the 

write "O" operation described with regard to the example of Fig. 98. 

[00278] Figs. 99B-99D illustrate examples of bias conditions on the unselected 

memory cells during write ''()" operations described with regard to the example 

shown in Fig. 98. 

[00279] Figs. 100 and 101A illustrate an example of the bias conditions of a 

selected memory cell under a write "1" operation using band-to-band tunneling 

according to an embodiment of the present invention. 

[00280] Figs. 101B-101D show examples of bias conditions of the unselected 

memory cells during write "1" operations of the type described with regard to 

Fig. 100. 

[00281] Fig. 102 schematically illustrates bias conditions on memory cells during 

a write "1" operation using impact ionization according to and embodiment of 

the present invention. 

[00282] Figs. 103A-103D and 104 illustrate an example of the bias conditions of 

the selected memory cell 750 under a write "1" operation using an impact 

ionization write "1" operation according to an embodiment of the present 

invention. 

[00283] Fig. 105 illustrates a prior art arrangement in which adjacent mem01y 

cells share common contacts. 

[00284] Fig. 106A shows a cross-sectional schematic illustration of a memory 

string according to an embodiment of the present invention. 
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[00285] Fig. 106B shows a top view schematic illustration of a memory cell array 

including hvo strings of memory cells behveen the SL terminal and BL terminal 

according to an embodiment of the present invention. 

[00286] Fig. 107 shows an equivalent circuit representation of the mem01y array 

of Fig. 106B. 

[00287] Figs. 108 and 109A-109B illustrate bias conditions during a read 

operation according to an embodiment of the present invention. 

[00288] Figs. 110-111 illustrate bias conditions during a write ''()" operation 

according to an embodiment of the present invention. 

[00289] Figs. 112A-112B illustrate bias conditions during a write "O" operation 

that allows for individual bit writing according to an embodiment of the present 

invention. 

[00290] Figs. l 13A-l 13B illustrate bias conditions during a band-to-band 

tunneling write "l" operation according to an embodiment of the present 

invention. 

[00291] Figs. 114A-l 14B illustrate bias conditions during an impact ionization 

write "l" operation according to an embodiment of the present invention. 

[00292] Fig. 11 SA schematically illustrates a fin-type, three-dimensional 

memory cell according to an embodiment of the present invention. 

[00293] Fig. l 15B schematically illustrates a fin-type, three-dimensional mem01y 

cell according to another embodiment of the present invention. 

[00294] Fig. l 16A shows an energy band diagram of the intrinsic n-p-n bipolar 

device of the cell of Fig. 23 when the floating body region is positively charged 

and a positive bias voltage is applied to the buried well region according to an 

embodiment of the present invention. 

[00295] Fig. l l 6B shows an energy band diagram of the intrinsic n-p-n bipolar 

device of the cell of Fig. 23 when the floating body region 24 is neutrally 

charged and a bias voltage is applied to the buried well region according to an 

embodiment of the present invention. 

[00296] Fig. 117 schematically illustrates bias conditions on memory cells during 

a read operation of a selected memory cell according to an embodiment of the 

present invention. 
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[00297] Fig. 118 schematically illustrates bias conditions on memory cells during 

a write''()" operation according to an embodiment of the present invention. 

[00298] Fig. 119 schematically illustrates bias conditions on memory cells during 

a write''()" operation according to another embodiment of the present invention. 

[00299] Fig. 120A schematically illustrates an example of bias conditions of a 

selected memory cell under a band-to-band tunneling write "l" operation 

according to an embodiment of the present invention. 

[00300] Fig. l 20B shows bias conditions of selected and unselected memory cells 

150 during an impact ionization write "l" operation according to an embodiment 

of the present invention. 

[00301] Fig. 121A shows a cross-sectional schematic illustration of a memory 

string according to an embodiment of the present invention. 

[00302] Fig. 121B shows a top view schematic illustration of a memory cell array 

including hvo strings of memory cells behveen the SL terminal and BL terminal 

according to an embodiment of the present invention. 

[00303] Fig. 121C shows an equivalent circuit representation of a memory array 

that includes strings shown in Fig. 121B as well as additional strings, in 

accordance with an embodiment of the present invention. 

[00304] Fig. 122 shows bias conditions on a memory string during a read 

operation according to an embodiment of the present invention. 

[00305] Fig. 123A illustrates bias conditions on a selected memory cell as well 

as unselected memory cells in the same and in other strings, during a read 

operation according to an embodiment of the present invention. 

[00306] Fig. 123B illustrates the array of Fig. 123A with read circuitry attached 

to measure or sense the current flow from the BL terminal to the SL terminal in 

regard to the selected cell, according to an embodiment of the present invention. 

[00307] Fig. 124 shows bias conditions on a memory string during a write "O" 

operation according to an embodiment of the present invention. 

[00308] Fig. 125 illustrates bias conditions on a selected memory cell as well as 

unselected memory cells in the same and in other strings, during a write ''()" 

operation according to an embodiment of the present invention. 
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[00309] Fig. 126 shows bias conditions on a memory string during a write "O" 

operation that allows for individual bit writing according to an embodiment of 

the present invention. 

[00310] Fig. 127 illustrates bias conditions on a selected memory cell as well as 

unselected memory cells in the same and in other strings, during a write ''()" 

operation that allows for individual bit writing according to an embodiment of 

the present invention. 

[00311] Fig. 128 shows bias conditions on a memory string during a band-to-

band tunneling write "l" operation according to an embodiment of the present 

invention. 

[00312] Fig. 129 illustrates bias conditions on a selected memory cell as well as 

unselected memory cells in the same and in other strings, during a band-to-band 

tunneling write "l" operation according to an embodiment of the present 

invention. 

[00313] Fig. BOA shows bias conditions on a mem01y string during an impact 

ionization write "l" operation according to an embodiment of the present 

invention. 

[00314] Fig. BOB illustrates bias conditions on a selected memory cell as well as 

unselected memory cells in the same and in other strings, during an impact 

ionization write "l" operation according to an embodiment of the present 

invention. 

[00315] Fig. B lA schematically illustrates a top view of two strings of mem01y 

cells in a memory array according to an embodiment of the present invention. 

[00316] Fig. BlB is a cross-sectional view of a string from the array illustrated 

in Fig. B lA. 

[00317] Figs. B2A-B2U illustrates vanous stages during manufacture of a 

memory array according to an embodiment of the present invention. 

[00318] Fig. B3 schematically illustrates a link of memory cells connected in 

parallel according to an embodiment of the present invention. 

[00319] Fig. B4A schematically illustrates a top view of a memory cell of the 

link of Fig. B3. 

[00320] Fig. B4B is a sectional view of the memory cell of Fig. 48A taken along 

line 1-1' of Fig. B4A. 
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[00321] Fig. 134C is a sectional view of the memory cell of Fig. 48A taken along 

line 11-11' of Fig. 134A. 

[00322] Fig. 135 shows an equivalent circuit representation of a memory array 

that includes the link of Fig. 133, according to an embodiment of the present 

invention. 

[00323] Fig. 136 is a schematic illustration of an equivalent circuit of a memory 

array of links in which a read operation is being performed on a selected 

memory cell of one of the links according to an embodiment of the present 

invention. 

[00324] Fig. 13 7 schematically illustrates the selected memory cell of the array 

represented in Fig. 135 and bias conditions thereon during the read operation. 

[00325] Fig. 138 is a schematic illustration of an equivalent circuit of a memory 

array in which a write "O" operation is being performed on a selected link of the 

array according to an embodiment of the present invention. 

[00326] Fig. 139 schematically illustrates a memory cell of the link represented 

in Fig. 138 that is having a write "O" operation performed thereon according to 

an embodiment of the present invention. 

[00327] Fig. 140 is a schematic illustration of an equivalent circuit of a memory 

array in which a write "O" operation is being performed according to an 

alternative embodiment of the present invention. 

[00328] Fig. 141 schematically illustrates a memory cell of the array represented 

in Fig. 140 that is having a write "O" operation performed thereon according to 

the alternative embodiment described with regard to Fig. 140. 

[00329] Fig. 142 is a schematic illustration of an equivalent circuit of a memory 

array in which a write "1" operation is being performed by impact ionization 

according to an embodiment of the present invention. 

[00330] Fig. 143 schematically illustrates a selected memory cell of the array of 

Fig. 142 on which the write "1" operation is being performed, and the bias 

conditions thereon. 

[00331] Fig. 144 schematically illustrates a link according to another embodiment 

of the present invention. 

[00332] Fig. 145A schematically illustrates a top view of a memory cell of the 

memory array of Fig. 144. 
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[00333] Fig. 145B is a sectional view of the memory cell of Fig. 145A taken 

along line 1-1' of Fig. 145A. 

[00334] Fig. 145C is a sectional view of the memory cell of Fig. 145A taken 

along line 11-11' of Fig. 145A. 

[00335] Fig. 146 shows an equivalent circuit representation of a memory array of 

links, including the link of Fig. 144. 

[00336] Fig. 147 is a schematic illustration of an equivalent circuit of a memory 

array in which a read operation is being performed on a selected memory cell 

according to an embodiment of the present invention. 

[00337] Fig. 148 schematically illustrates the selected mem01y cell of the array 

represented in Fig. 147 and bias conditions thereon during the read operation. 

[00338] Fig. 149 is a schematic illustration of an equivalent circuit of a memory 

array in which a write "O" operation is being performed according to an 

embodiment of the present invention. 

[00339] Fig. 150 schematically illustrates a memory cell of the array represented 

in Fig. 149 that is having a write "O" operation performed thereon according to 

an embodiment of the present invention. 

[00340] Fig. 151 is a schematic illustration of an equivalent circuit of a memory 

array in which a write "O" operation is being performed according to an 

alternative embodiment of the present invention that allows for individual bit 

writing. 

[00341] Fig. 152 schematically illustrates a selected memory cell of the array 

represented in Fig. 151 that is being written to by the write ''()" operation 

according to the al temati ve embodiment described with regard to Fig. 151. 

[00342] Fig. 153 is a schematic illustration of an equivalent circuit of a memory 

array in which a write "l" operation is being performed by impact ionization 

according to an embodiment of the present invention. 

[00343] Fig. 154 schematically illustrates a selected memory cell of the array of 

Fig. 153 on which the write "l" operation is being performed, and the bias 

conditions thereon. 

[00344] Fig. 155 is a schematic illustration of an equivalent circuit of a memory 

array in which a write "l" operation is being performed by impact ionization 

according to an embodiment of the present invention. 
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Fig. 156 schematically illustrates a selected memory cell of the array of 

Fig. 155 on which the write "l" operation is being performed, and the bias 

conditions thereon. 

[00346] Fig. 157 shows a mem01y array where adjacent regions are coJlllected a 

common BL terminal through a conductive region according to an alternative 

embodiment of the present invention. 

[00347] Fig. 158A shows a memory array according to another embodiment of 

the present invention. 

[00348] Fig. 158B shows, in isolation, a memory cell from the memory array of 

Fig. 158A. 

[00349] Figs. l 58C and 158D show sectional views of the memory cell of Fig. 

158B taken along lines 1-1' and 11-11' of Fig. 158B, respectively. 

[00350] Fig. 159 is an equivalent circuit representation of a memory array of the 

type shown in Fig. 158A according to an embodiment of the present invention. 

[00351] Fig. 160A shows an equivalent circuit representation of the memory cell 

of Figs. 158B-158D according to an embodiment of the present invention. 

[00352] Fig. 160B shows an energy band diagram of the intrinsic n-p-n bipolar 

device of Fig. 160A when the :floating body region is positively charged and a 

positive bias voltage is applied to the buried well region, according to an 

embodiment of the present invention. 

[00353] Fig. 160C shows an energy band diagram of the intrinsic n-p-n bipolar 

device 30 of Fig. l 60A when the floating body region is neutrally charged and a 

bias voltage is applied to the buried well region, according to an embodiment of 

the present invention. 

[00354] Fig. 161 is a schematic illustration of a memory array in which a read 

operation is being performed on a selected memory cell according to an 

embodiment of the present invention. 

[00355] Fig. 162 is a schematic illustration of the selected memory cell in Fig. 

161 that is being read, and bias conditions thereon during the read operation. 

[00356] Fig. 163 is a schematic illustration of a memory array in which a write 

"O" operation is being performed according to an embodiment of the present 

invention. 
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[00357] Fig. 164 schematically illustrates a memory cell of the array represented 

in Fig. 163 that is having a write "O" operation performed thereon according to 

an embodiment of the present invention. 

[00358] Fig. 165 is a schematic illustration of a memory array in which a write 

"O" operation is being performed according to an alternative embodiment of the 

present invention. 

[00359] Fig. 166 schematically illustrates a memory cell of the array represented 

in Fig. 165 that is having a write "O" operation performed thereon according to 

the alternative embodiment described with regard to Fig. 165. 

[00360] Fig. 167 is a schematic illustration of a memory array in which a write 

"l" operation is being performed by band-to-band tunneling according to an 

embodiment of the present invention. 

[00361] Fig. 168 schematically illustrates a selected memory cell of the array of 

Fig. 167 on which the write "l" operation is being performed, and the bias 

conditions thereon. 

[00362] Fig. 169 is a schematic illustration of a memory array in which a write 

"l" operation is being performed by impact ionization according to an 

embodiment of the present invention. 

[00363] Fig. 170 schematically illustrates a selected memory cell of the array of 

Fig. 169 on which the write "l" operation is being performed, and the bias 

conditions thereon. 

[00364] Fig. 171 is a flow chart illustrating the operation of a memory cell 

according to an embodiment of the present invention. 

[00365] Fig. 172 is a flow chart illustrating operation of a mem01y cell according 

to another embodiment of the present invention. 

[00366] Fig. l 73A is a cross-section, schematic illustration of a memory cell 

according to an embodiment of the present invention. 

[00367] Fig. l 73B shows an exemplary array of memory cells arranged in rows 

and columns according to an embodiment of the present invention. 

[00368] Fig. l 73C shows an array architecture of a memory cell device according 

to another embodiment of the present invention. 
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[00369] Fig. 174 illustrates an operating condition for a write state "l" operation 

that can be carried out on a memory cell according to an embodiment of the 

present invention. 

[00370] Fig. 175 illustrates an operating condition for a write state "O" operation 

that can be carried out on a memory cell according to an embodiment of the 

present invention. 

[00371] Fig. 17 6 illustrates a read operation that can be carried out on a mem01y 

cell according to an embodiment of the present invention 

[00372] Fig. 177 illustrates a holding or refresh operation that can be carried out 

on a memory cell according to an embodiment of the present invention 

[00373] Figs. l 78A-l 78B illustrate shadowing operations that can be carried out 

according to an embodiment of the present invention. 

[00374] Figs. l 79A-l 79B illustrate restore operations that can be carried out 

according to an embodiment of the present invention. 

[00375] Fig. 180 illustrates resetting the trapping layer(s) of a memory cell to a 

predetermined state, according to an embodiment of the present invention. 

[00376] Fig. 18 lA is a schematic, cross-sectional illustration of a memory cell 

according to another embodiment of the present invention. 

[00377] Fig. 181 B shows an array architecture of a memory cell device according 

to an embodiment of the present invention. 

[00378] Figs. 182-183 illustrate cross-sectional schematic illustrations of fin-type 

semiconductor memory cell devices according to embodiments of the present 

invention 

[00379] Fig. 184 illustrates a top view of a fin-type semiconductor mem01y cell 

device according to the embodiment shown in Fig. 182. 

[00380] 

[00381] 

[00382] 

Fig. l 85A illustrates states of a bi-level memory cell. 

Fig. 185B illustrates states of a multi-level memory cell. 

Figs. 186A through 186E illustrate an array and details of a first 

exemplary memory cell according to the present invention. 

[00383] Fig. 187 is a flowchart illustrating operation of a memory device 

according to the present invention. 

[00384] Fig. 188 illustrates a holding operation performed on an array of memory 

cells according to the present invention. 

36 

efiling
Rectangle



WO 2011/097592 PCT/US2011/023947 

Atty. Docket: ZEN0-012WO 

[00385] Figs. 189A and 189B illustrate the energy band diagram of a memory 

device according to the present invention during holding operation. 

[00386] Figs. 190A and 190B illustrate read operations performed on an array of 

memory cells according to the present invention. 

[00387] Figs. 191A and 191B illustrate write logic-0 operations performed on an 

array of mem01y cells according to the present invention. 

[00388] Figs. 192A and 192B illustrate write logic-1 operations performed on an 

array of mem01y cells according to the present invention. 

[00389] Figs. 193A through 193C illustrate a shadmving operation performed on 

an array of memory cells according to the present invention. 

[00390] Figs. l 94A through l 94C illustrate a restore operation performed on an 

array of mem01y cells according to the present invention. 

[00391] Fig. 195 illustrates a reset operation performed on an array of memory 

cells according to the present invention. 

[00392] Figs. 196A through 196R illustrate a method of manufacturing a memory 

cell according to the present invention. 

[00393] Figs. 197A through 197R illustrate an alternative method of 

manufacturing a memory cell according to the present invention. 

[00394] Fig. 198 illustrates a cross-sectional view of an alternative memory 

device according to the present invention. 

[00395] Figs. l 99A and l 99B illustrate a shadowing operation performed on an 

array of mem01y cells according to the present invention. 

[00396] Figs. 200A through 200C illustrate a restore operation performed on an 

array of mem01y cells according to the present invention. 

[00397] Fig. 201 illustrates a reset operation performed on an array of memory 

cells according to the present invention. 

[00398] Figs. 202A and 202B illustrate cross-sectional views of alternative 

memory devices according to the present invention. 

[00399] Fig. 203 illustrates an equivalent circuit representation of memory 

devices shown in Figs. 202A and 202B. 

[00400] Fig. 204 illustrates an exemplary array of memory devices according to 

the present invention. 
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[00401] Fig. 205 illustrates a holding operation performed on an array of memory 

cells according to the present invention. 

[00402] Fig. 206 illustrates a read operation performed on an array of memory 

cells according to the present invention. 

[00403] Figs. 207A through 207C illustrate write logic-0 operations performed on 

an array of memory cells according to the present invention. 

[00404] Figs. 208A and 208B illustrate write logic-1 operations performed on an 

array of mem01y cells according to the present invention. 

[00405] Figs. 209, 210A through 210B illustrate a shadmving operation 

performed on an array of mem01y cells according to the present invention. 

[00406] Figs. 211, 212A through 212B illustrate a restore operation performed on 

an array of memory cells according to the present invention. 

[00407] Figs. 213A and 213B illustrate reset operations performed on an array of 

memory cells according to the present invention. 

[00408] Figs. 214 and 215 illustrate cross-sectional views of alternative memory 

devices according to the present invention. 

[00409] Fig. 216 illustrates an equivalent circuit representation of memory 

devices shown in Fig. 215. 

[00410] Fig. 217 illustrates an exemplary array of memory devices according to 

the present invention. 

[00411] Fig. 218 illustrates a holding operation performed on an array of memory 

cells according to the present invention. 

[00412] Fig. 219 illustrates a read operation performed on an array of memory 

cells according to the present invention. 

[00413] Figs. 220A, 220B, and 221 illustrate write logic-0 operations performed 

on an array of memory cells according to the present invention. 

[00414] Figs. 222A and 222B illustrate write logic-1 operations performed on an 

array of mem01y cells according to the present invention. 

[00415] Figs. 223A and 223B illustrate a shadowing operation performed on an 

array of mem01y cells according to the present invention. 

[00416] Fig. 224 illustrates a restore operation performed on an array of memory 

cells according to the present invention. 
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[00417] Figs. 225A and 225B illustrate reset operations performed on an array of 

memory cells according to the present invention. 

[00418] Fig. 226 is a flowchart illustrating an alternative operation of a mem01y 

device according to the present invention. 

[00419] Fig. 227 illustrates a read operation performed on an array of memory 

cells according to the present invention. 

[00420] Fig. 228 illustrates a vvrite logic-1 operation performed on an array of 

memory cells according to the present invention. 

[00421] Figs. 229A through 229C illustrate cross sectional views of alternative 

memory devices according to the present invention, fubricated on silicon-on­

insulator (SOI) substrate. 

[00422] Figs. 230A through 230E illustrate cross-sectional views and top view of 

alternative memory devices according to the present invention, comprising of fin 

structures . 

DETAILED DESCRIPTION OF THE INVENTION 

[00423] Before the present systems, devices and methods are described, it is to be 

understood that this invention is not limited to particular embodiments 

described, as such may, of course, vary. It is also to be understood that the 

terminology used herein is for the purpose of describing particular embodiments 

only, and is not intended to be limiting, since the scope of the present invention 

will be limited only by the appended claims. 

[00424] "Where a range of values is provided, it 1s understood that each 

intervening value, to the tenth of the unit of the lower limit unless the context 

clearly dictates otherwise, between the upper and lower limits of that range is 

also specifically disclosed. Each smaller range between any stated value or 

intervening value in a stated range and any other stated or intervening value in 

that stated range is encompassed within the invention. The upper and lower 

limits of these smaller ranges may independently be included or excluded in the 

range, and each range where either, neither or both limits are included in the 

smaller ranges is also encompassed within the invention, subject to any 

specifically excluded limit in the stated range. "Where the stated range includes 

one or both of the limits, ranges excluding either or both of those included limits 
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are also included in the invention. 

[00425] Unless defined otherwise, all teclmical and scientific terms used herein 

have the same meaning as commonly understood by one of ordinary skill in the 

art to which this invention belongs. Although any methods and materials similar 

or equivalent to those described herein can be used in the practice or testing of 

the present invention, the preferred methods and materials are now described. 

All publications mentioned herein are incorporated herein by reference to 

disclose and describe the methods and/or materials in coJlllection with which the 

publications are cited. 

[00426] It must be noted that as used herein and in the appended claims, the 

singular forms "a", "an", and "the" include plural referents unless the context 

clearly dictates otherwise. Thus, for example, reference to "a cell" includes a 

plurality of such cells and reference to "the terminal" includes reference to one 

or more terminals and equivalents thereof known to those skilled in the art, and 

so forth. 

[00427] The publications discussed herein are provided solely for their disclosure 

prior to the filing date of the present application. Nothing herein is to be 

construed as an admission that the present invention is not entitled to antedate 

such publication by virtue of prior invention. Further, the dates of publication 

provided may be different from the actual publication dates which may need to 

be independently confirmed. 

Definitions 

[00428] A ''holding operation", "standby operation" or "holding/standby 

operation", as used herein, refers to a process of sustaining a state of a memory 

cell by maintaining the stored charge. Maintenance of the stored charge may be 

facilitated by applying a back bias to the cell in a maJlller described herein. 

[00429] A "a multi-level write operation" refers to a process that includes an 

ability to write more than more than two different states into a memory cell to 

store more than one bit per cell. 

[00430] A 'write-then-verify" ''write and verify" or "alternating write and verify" 

algorithm or operation refers to a process where alternating write and read 

operations to a memory cell are employed to verify whether a desired memory 

state of the memory cell has been achieved during the write operation. 
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[00431] A "read verify operation" refers to a process where a read operation is 

performed to verify whether a desired memory state of a memory cell has been 

achieved. 

[00432] A "read while programming" operation refers to a process where 

simultaneous write and read operations can be performed to write a memory cell 

state. 

[00433] A ''back bias terminal" refers to a terminal at the back side of a 

semiconductor transistor device, usually at the opposite side of the gate of the 

transistor. A back bias terminal is also commonly referred to as a "back gate 

terminal". Herein, the back bias terminal refers to the substrate terminal or the 

buried well terminal, depending upon the embodiment being described. 

[00434] 

[00435] 

The term ''back bias" refers to a voltage applied to a back bias terminal. 

A ''memory cell" as used herein, refers to a semiconductor memory cell 

comprising an electrically floating body as the data storage element. 

[00436] A "contactless mem01y cell" as used herein, refers to a memory cell 

which does not have a contact (or contacts) forming a direct connection(s) to a 

control line (or control lines). Contactless memory cells are typically connected 

in series when formed in a string or in parallel when formed in a link. 

[00437] A ''memory string" or "string" as used herein, refers to a set of 

interconnected mem01y cells connected in series, where conductive regions at 

the surfaces of adjacent memory cells are shared or electrically connected. In a 

series coJlllection, the same current flows through each of the memory cells. 

[00438] A ''link" as used herein, refers to a set of intercoJlllected memory cells 

connected in parallel, where conductive regions at the surfaces of adjacent 

memory cells are electrically connected. In a parallel connection, the voltage 

drop across each of the memory cells is the same. 

[00439] A ''memory array" or ''memory cell array" as used herein, refers to a 

plurality of memory cells typically arranged in rows and columns. The plurality 

of memory cells may further be connected in strings or links within the mem01y 

array. 

[00440] The terms "shadowing" "shadowing operation" and "shadowing process" 

refer to a process of copying the contents of volatile memory to non-volatile 

memory. 
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[00441] "Restore", ''restore operation", or ''restore process", as used herein, refers 

to a process of copying the contents of non-volatile mem01y to volatile mem01y. 

[00442] "Reset", "reset operation", or "reset process", as used herein, refers to a 

process of setting non-volatile memory to a predetermined state. 

[00443] "Permanent data" as used herein, is referred to data that typically vvill not 

be changed during the operation of a system employing a memory cell device as 

described herein, and thus can be stored indefinitely in non-volatile mem01y. 

Examples of such ''permanent data" include, but are not limited to program files, 

application files, music files, video files, operating systems, etc. 

[00444] The term "single polysilicon" flash memory refers to a non-volatile 

memory cell that has only one polysilicon gate, for example where the 

polysilicon is a floating gate used to store non-volatile data. As a result, single 

polysilicon flash memory is compatible with typical complementary metal oxide 

semiconductor (CMOS) processes. The polysilicon materials can be deposited 

and formed in conjunction with the gates oflogic transistors. 

[00445] The term "stacked gate" flash memory refers to a non-volatile memory 

cell that has multiple polysilicon layers/gates, for example where a second 

polysilicon gate (e.g., a control gate) is stacked above a polysilicon floating gate 

used to store the non-volatile data (see for example Fig. 4.6 on p.197 in 

"Nonvolatile Semiconductor Memory Technology", W.D. Brown and J.E. 

Brewer "Brown"), which is hereby incorporated herein, in its entirety, by 

reference thereto. Such stacked gate memory cells typically require dual (or 

more) polysilicon layer processing, where the first polysilicon layer (e.g. floating 

gate) is deposited and formed, followed by the formation of a second polysilicon 

(e.g. control gate) layer. 

Detailed Description 

[00446] Referring now to Fig. 1, a memory cell 50 according to an embodiment 

of the present invention is shown. The cell 50 includes a substrate 12 of a first 

conductivity type, such as n-type conductivity type, for example. Substrate 12 is 

typically made of silicon, but may comprise germanium, silicon germanium, 

gallium arsenide, carbon nanotubes, or other semiconductor materials known in 

the art. The substrate 12 has a surface 14. A first region 16 having a first 
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conductivity type, such as n-type, for example, is provided in substrate 12 and 

which is exposed at surface 14. A second region 18 having the first conductivity 

type is also provided in substrate 12, which is exposed at surface 14 and which is 

spaced apart from the first region 16. First and second regions 16 and 18 are 

formed by an implantation process formed on the material making up substrate 

12, according to any of implantation processes known and typically used in the 

art. Alternatively, a solid state diffusion process can be used to form first and 

second regions 16 and 18. 

[00447] A floating body region 24 having a second conductivity type different 

from the first conductivity type, such as p-type conductivity type when the first 

conductivity type is n-type conductivity type, is bounded by surface 14, first and 

second regions 16, 18, insulating layers 26, and substrate 12. The floating body 

region 24 can be formed by an implantation process formed on the material 

making up substrate 12, or can be grown epitaxially. Insulating layers 26 (e.g. 

shallow trench isolation (STI)), may be made of silicon oxide, for example. 

Insulating layers 26 insulate cell 50 from neighboring cells 50 when multiple 

cells 50 are joined in an array 80 to make a memory device as illustrated in Fig. 

2. A gate 60 is positioned in between the regions 16 and 18, and above the 

surface 14. The gate 60 is insulated from surface 14 by an insulating layer 62. 

Insulating layer 62 may be made of silicon oxide and/or other dielectric 

materials, including high-K dielectric materials, such as, but not limited to, 

tantalum peroxide, titanium oxide, zirconium oxide, hafuium oxide, and/or 

aluminum oxide. The gate 60 may be made of polysilicon material or metal gate 

electrode, such as tungsten, tantalum, titanium and their nitrides. 

[00448] Cell 50 further includes word line (WL) terminal 70 electrically 

connected to gate 60, source line (SL) terminal 72 electrically connected to one 

of regions 16 and 18 (coJlllected to 16 as shown, but could, alternatively, be 

connected to 18), bit line (BL) terminal 74 electrically connected to the other of 

regions 16 and 18 (connected to 18 as shown, but could, alternatively, be 

connected to 16 when 72 is connected to 18), and substrate terminal 78 

electrically connected to substrate 12. Alternatively, contact to substrate region 

12 could be made through a region having a first conductivity type, which is 

electrically coJlllected to substrate region 12 (not shown). 
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[00449] In another embodiment, the memory cell 50 has a p-type conductivity 

type as the first conductivity type and n-type conductivity type as the second 

conductivity type, as noted above. 

[00450] The operation of a memory cell 50 has been described for example in 

"Scaled 1 T-Bulk Devices Built vvith CMOS 90nm Technology for Low-cost 

eDRAM Applications", R. Ranica, et al., pp. 38-41, Tech. Digest, Symposium 

on VLSI Teclmology, 2005, which is hereby incorporated herein, in its entirety, 

by reference thereto. The memory cell states are represented by the charge in 

the floating body 24. If cell 50 has holes stored in the floating body region 24, 

then the memory cell 50 vvill have a lower threshold voltage (gate voltage where 

transistor is turned on) compared to when cell 50 does not store holes in floating 

body region 24. 

[00451] The positive charge stored in the floating body region 24 vvill decrease 

over ti.me due to the p-n diode leakage formed by floating body 24 and regions 

16, 18, and substrate 12 and due to charge recombination. A unique capability 

of the invention is the ability to perform the holding operation in parallel to all 

memory cells 50 of the array 80. The holding operation can be performed by 

applying a positive back bias to the substrate terminal 78 while grounding 

terminal 72 and/or terminal 74. The positive back bias applied to the substrate 

terminal vvill maintain the state of the memory cells 50 that it is connected to. 

The holding operation is relatively independent of the voltage applied to 

terminal 70. As shown in Fig. 3, inherent in the memory cell 50 are n-p-n 

bipolar devices 30a and 30b formed by substrate region 12, floating body 24, 

and SL and BL regions 16, 18. If floating body 24 is positively charged (i.e. in a 

state "l "),the bipolar transistor 30a formed by SL region 16, floating body 24, 

and substrate region 12 and bipolar transistor 30b formed by BL region 18, 

floating body 24, and substrate region 12 vvill be turned on. 

[00452] A fraction of the bipolar transistor current vvill then flow into floating 

region 24 (usually referred to as the base current) and maintain the state "l" 

data. The efficiency of the holding operation can be enhanced by designing the 

bipolar device formed by substrate 12, floating region 24, and regions 16, 18 to 

be a low-gain bipolar device, where the bipolar gain is defined as the ratio of the 
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collector current flmving out of substrate terminal 78 to the base current flmving 

into the floating region 24. 

[00453] For memory cells in state ''()" data, the bipolar devices 30a, 30b will not 

be turned on, and consequently no base hole current will flow into floating 

region 24. Therefore, memory cells in state ''()"will remain in state "O". 

[00454] As can be seen, the holding operation can be performed in mass, parallel 

manner as the substrate terminal 78 (e.g., 78a, 78b, ... , 78n) is typically shared 

by all the cells 50 in the memory array 80. The substrate terminal 78 can also be 

segmented to allow independent control of the applied bias on the selected 

portion of the memory array as shown in Fig. 4A, where substrate terminal 78a, 

78b is shown segmented from substrate terminal 78m, 78n, for example. Also, 

because substrate terminal 78 is not used for memory address selection, no 

memory cell access interruption occurs due to the holding operation. 

[00455] In another embodiment, a periodic pulse of positive voltage can be 

applied to substrate terminal 78, as opposed to applying a constant positive bias, 

in order to reduce the power consumption of the memory cell 50. The state of 

the memory cell 50 can be maintained by refreshing the charge stored in floating 

body 24 during the period over which the positive voltage pulse is applied to the 

back bias terminal (i.e., substrate terminal 78). Fig. 4B further shows 

multiplexers 40 that determine the bias applied to substrate terminal 78 where 

the control signal could be the clock signal 42 or as will be described later, 

determined by different operating modes. The positive input signals could be 

the power supply voltage Vee (Fig. 4B) or a different positive bias could be 

generated by voltage generator circuitry 44 (see Fig. 4C). 

[00456] The holding/standby operation also results in a larger memory window 

by increasing the amount of charge that can be stored in the floating body 24. 

Without the holding/standby operation, the maximum potential that can be 

stored in the floating body 24 is limited to the flat band voltage VFB as the 

junction leakage current to regions 16 and 18 increases exponentially at floating 

body potential greater than VFB· However, by applying a positive voltage to 

substrate terminal 78, the bipolar action results in a hole current flowing into the 

floating body 24, compensating for the junction leakage current between floating 

body 24 and regions 16 and 18. As a result, the maximum charge VMc stored in 
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floating body 24 can be increased by applying a positive bias to the substrate 

terminal 78 as shmvn in Fig. 5. The increase in the maximum charge stored in 

the floating body 24 results in a larger memory window. 

[00457] The holding/standby operation can also be used for multi-bit operations 

in memory cell 50. To increase the memory density without increasing the area 

occupied by the memory cell 50, a multi-level operation is typically used. This 

is done by dividing the overall memory window into different levels. In floating 

body memory, the different memory states are represented by different charges 

in the floating body 24, as described for example in ''The Multi.stable Charge­

Controlled Memory Effect in SOI Transistors at Low Temperatures", Tack et al., 

pp. 1373-1382, IEEE Transactions on Electron Devices, vol. 37, May 1990 and 

US 7,542,345 "Multi-bit memory cell having electrically floating body 

transistor, and method of programming and reading same", each of which is 

hereby incorporated herein, in its entirety, by reference thereto. However, since 

the state with zero charge in the floating body 24 is the most stable state, the 

floating body 24 will, over ti.me, lose its charge until it reaches the most stable 

state. In multi-level operations, the difference of charge representing different 

states is smaller than that for a single-level operation. As a result, a multi-level 

memory cell is more sensitive to charge loss, as less charge loss is required to 

change states. 

[00458] Fig. 6 shows the floating body 24 relative net current for different 

floating body 24 potentials as a function of the voltage applied to substrate 

terminal 78 with BL, SL, and WL terminals 72, 74, and 70, grounded. When 

zero voltage is applied to substrate terminal 78, no bipolar current is flowing into 

the floating body 24 and as a result, the stored charge will leak over ti.me. When 

a positive voltage is applied to substrate terminal 78, hole current will flow into 

floating body 24 and balance the junction leakage current to regions 16 and 18. 

The junction leakage current is determined by the potential difference between 

the floating body 24 and regions 16 and 18, while the bipolar current flowing 

into floating body 24 is determined by both the substrate terminal 78 potential 

and the :floating body 24 potential. As indicated in Fig. 6, for different floating 

body potentials, at a certain substrate terminal 78 potential V HOLD, the current 

flowing into floating body 24 is balanced by the junction leakage between 
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floating body 24 and regions 16 and 18. The different :floating body 24 

potentials represent different charges used to represent different states of 

memory cell 50. This shows that different memory states can be maintained by 

using the holding/standby operation described here. 

[00459] An example of the bias condition for the holding operation is hereby 

provided: zero voltage is applied to BL terminal 7 4, zero voltage is applied to 

SL terminal 72, zero or negative voltage is applied to WL terminal 70, and a 

positive voltage is applied to the substrate terminal 78. In one particular non­

limiting embodiment, about 0.0 volts is applied to terminal 72, about 0.0 volts is 

applied to terminal 74, about 0.0 volts is applied to terminal 70, and about +1.2 

volts is applied to terminal 78. However, these voltage levels may vary. 

[00460] The charge stored in the floating body 24 can be sensed by monitoring 

the cell current of the memory cell 50. If cell 50 is in a state "1" having holes in 

the :floating body region 24, then the memory cell will have a lower threshold 

voltage (gate voltage where the transistor is turned on), and consequently a 

higher cell current, compared to if cell 50 is in a state ''()" having no holes in 

floating body region 24. A sensing circuit/read circuitry 90 typically connected 

to BL terminal 74 of memory array 80 (e.g., see read circuitry 90 in Fig. ISA) 

can then be used to determine the data state of the memory cell. Examples of the 

read operation is described in "A Design of a Capacitorless 1 T-DRAM Cell 

Using Gate-Induced Drain Leakage (GIDL) Current for Low-power and High­

speed Embedded Memory", and Yoshida et al., pp. 913-918, International 

Electron Devices Meeting, 2003 and US 7,301,803 "Bipolar reading technique 

for a memory cell having an electrically floating body transistor", both of which 

are hereby incorporated herein, in their entireties, by reference thereto. An 

example of a sensing circuit is described in "An 18.5ns 128Mb SOI DRAM with 

a Floating body Cell", Ohsawa et al., pp. 458-459, 609, IEEE International 

Solid-State Circuits Conference, 2005, which is hereby incorporated herein, in 

its entirety, by reference thereto. 

[00461] The read operation can be performed by applying the following bias 

condition: a positive voltage is applied to the substrate terminal 78, zero voltage 

is applied to SL terminal 72, a positive voltage is applied to the selected BL 

terminal 7 4, and a positive voltage greater than the positive voltage applied to 
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the selected BL terminal 7 4 is applied to the selected WL terminal 70. The 

unselected BL terminals vvill remain at zero voltage and the unselected WL 

terminals will remain at zero or negative voltage. In one particular non-limiting 

embodiment, about 0.0 volts is applied to terminal 72, about +0.4 volts is applied 

to the selected terminal 7 4, about + 1.2 volts is applied to the selected terminal 

70, and about +1.2 volts is applied to terminal 7S. The unselected terminals 74 

remain at 0.0 volts and the unselected terminals 70 remain at 0.0 volts. Fig. 7 

shows the bias conditions for the selected mem01y cell 50a and unselected 

memory cells 50b, 50c, and 50d in mem01y array SO. However, these voltage 

levels may vazy. 

[00462] The unselected memory cells 50 during read operations are shown in 

Figs. SA, SC and SE, vvith illustration of the states of the n-p-n bipolar devices 

30a, 30b inherent in the cells 50 of Figs. SA, SC and SE in Figs. SB, SD and SF, 

respectively. The bias conditions for mem01y cells 50 sharing the same row 

(e.g. memory cell 50b) and those sharing the same column (e.g. memory cell 

50c) as the selected memory cell 50a are shown in Figs. SA-SB and Figs. SC-SD, 

respectively, while the bias condition for memory cells 50 not sharing the same 

row or the same column as the selected memory cell 50 (e.g. memory cell 50d) 

is shown in Figs. SE-SF. 

[00463] For mem01y cells 50 sharing the same row as the selected memory cell, 

both the SL terminal 72 and BL terminal 74 are at about 0.0 volts (Figs. SA-SB). 

As can be seen, these cells vvill be at holding mode, vvith memory cells in state 

"1" and vvill maintain the charge in floating body 24 because the intrinsic n-p-n 

bipolar devices 30a, 30b vvill generate hole current to replenish the charge in 

floating body 24; while memory cells 50 in state ''()" vvill remain in the neutral 

state. 

[00464] For memory cells 50 sharing the same column as the selected mem01y 

cell, a positive voltage is applied to the BL terminal 7 4 (Figs. SC-SD). However, 

the n-p-n bipolar device 30a formed by substrate 12, floating body 24, and 

region 16 vvill still maintain the state of the floating body 24 as the SL terminal 

72 connected to region 16 is grounded. 

[00465] For memory cells 50 not sharing the same row or the same column as the 

selected memory cell, both the SL terminal 72 and BL terminal 7 4 are at about 
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0.0 volts (Figs. SE-SF). As can be seen, these cells vvill be at holding mode, 

where mem01y cells in state "1" will maintain the charge in floating body 24 

because the intrinsic n-p-n bipolar devices 30a, 30b vvill generate holes current 

to replenish the charge in :floating body 24; while memory cells in state "O" vvill 

remain in the neutral state. 

[00466] From the above description, it can be seen that the holding operation 

does not interrupt the read operation of the memory cells 50. At the same ti.me, 

the unselected memory cells 50 during a read operation vvill remain in a holding 

operation. 

[00467] Write operations of memory cell 50 are now described. A write ''()" 

operation of the cell 50 is described with reference to Fig. 9. To write "O" to cell 

50, a negative bias is applied to SL terminal 72, zero or negative voltage is 

applied to WL terminal 70, and zero or positive voltage is applied to substrate 

terminal 7S. The SL terminal 72 for the unselected cells will remain grounded. 

Under these conditions, the p-n junction between 24 and 16 is forward-biased, 

evacuating any holes from the floating body 24. In one particular non-limiting 

embodiment, about -2.0 volts is applied to terminal 72, about 0.0 volts is applied 

to terminal 70, and about + 1.2 volts is applied to terminal 7S. However, these 

voltage levels may vary, while maintaining the relative relationships between the 

charges applied, as described above. 

[00468] Fig. 10 shows an example of bias conditions for the selected and 

unselected memory cells 50 during a write "O" operation in mem01y array SO. 

For the selected memory cells, the negative bias applied to SL terminal 72 

causes large potential difference between :floating body 24 and region 16. Even 

for mem01y cells having a positively charged floating body 24, the hole current 

generated by the intrinsic n-p-n bipolar devices 30a, 30b will not be sufficient to 

compensate for the forward bias current of p-n diode formed by floating body 24 

andjuncti.on 16. 

[00469] An example of bias conditions and an equivalent circuit diagram 

illustrating the intrinsic n-p-n bipolar devices 30a, 30b of unselected mem01y 

cells 50 during write "O" operations are illustrated in Figs. 11 A-11 B. Since the 

write''()" operation only involves applying a negative voltage to the SL terminal 

72, the bias conditions for all the unselected cells are the same. As can be seen, 

49 

efiling
Rectangle



WO 2011/097592 PCT /US2011/02394 7 

Atty. Docket: ZEN0-012WO 

the unselected memory cells vvill be in a holding operation, vvith both BL and SL 

terminals at about 0.0 volts. The positive back bias applied to the substrate 

terminal 78 employed for the holding operation does not interrupt the write "O" 

operation of the selected memory cells. Furthermore, the unselected memory 

cells remain in the holding operation. 

[00470] The write "O" operation referred to above has a drawback in that all 

memory cells 50 sharing the same SL terminal vvill be written to simultaneously 

and as a result, this does not allow individual bit writing, i.e., writing to a single 

cell 50 memory bit. To write multiple data to different memory cells 50, write 

"O" is first performed on all the memory cells, followed by write "1" operations 

on a selected bit or selected bits. 

[00471] An alternative write "O" operation that allows for individual bit writing 

can be performed by applying a positive voltage to WL terminal 70, a negative 

voltage to BL terminal 7 4, zero or positive voltage to SL terminal 72, and zero 

or positive voltage to substrate terminal 78. Under these conditions, the floating 

body 24 potential vvill increase through capacitive coupling from the positive 

voltage applied to the WL terminal 70. As a result of the floating body 24 

potential increase and the negative voltage applied to the BL terminal 74, the p-n 

junction between 24 and 18 is fonvard-biased, evacuating any holes from the 

floating body 24. To reduce undesired write "O" disturb to other memory cells 

50 in the memory array 80, the applied potential can be optimized as follows: if 

the floating body 24 potential of state "1" is referred to as V FB 1, then the voltage 

applied to the WL terminal 70 is configured to increase the floating body 24 

potential by V FB 112 while -V FB 112 is applied to BL terminal 7 4. A positive 

voltage can be applied to SL terminal 72 to further reduce the undesired write 

"O" disturb on other memory cells 50 in the memory array. The unselected cells 

vvill remain at holding state, i.e. zero or negative voltage applied to WL terminal 

70 and zero voltage applied to BL terminal 7 4. 

[00472] In one particular non-limiting embodiment, the follovving bias conditions 

are applied to the selected memory cell 50a: a potential of about 0.0 volts is 

applied to terminal 72, a potential of about -0.2 volts is applied to terminal 74, a 

potential of about +0.5 volts is applied to terminal 70, and about + 1.2 volts is 

applied to terminal 78; while about 0.0 volts is applied to terminal 72, about 0.0 
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volts is applied to terminal 74, about 0.0 volts is applied to terminal 70, and 

about + 1.2 volts is applied to terminal 78 of the unselected memory cells. Fig. 

12 shows the bias conditions for the selected and unselected memory cells in 

memory array 80. However, these voltage levels may vary. 

[00473] The bias conditions of the selected memory cell 50a under write "O" 

operation are further elaborated and are shown in Figs. 13A-13B. As discussed, 

the potential difference between floating body 24 and junction 18 (coJlllected to 

BL terminal 7 4) is now increased, resulting in a higher forward bias current than 

the base hole current generated by the n-p-n bipolar devices 30a, 30b formed by 

substrate 12, floating body 24, and regions 16 and 18. The net result is that 

holes will be evacuated from floating body 24. 

[00474] The unselected memory cells 50 during write ''()" operations are shown 

in Figs. 13C-13H. The bias conditions for memory cells sharing the same row 

(e.g. memory cell 50b) are illustrated in Figs. 13C-13D, and the bias conditions 

for memory cells sharing the same column (e.g. memory cell 50c) as the selected 

memory cell 50a are shown in Figs. 13E-13F, while the bias conditions for 

memory cells not sharing the same row or the same column (e.g. memory cell 

50d) as the selected memory cell 50 are shown in Figs. 13G-13H. 

[00475] For memory cells sharing the same row as the selected memory cell, both 

the SL terminal 72 and BL terminal 74 are at about 0.0 volts (Figs. 13C and 

13D). The floating body 24 potential of these cells will also increase due to 

capacitive coupling from the WL terminal 70. For memory cells in state "1 ", the 

increase in the floating body 24 potential is not sustainable as the forward bias 

current of the p-n diodes formed by floating body 24 and junctions 16 and 18 is 

greater than the base hole current generated by the n-p-n bipolar device 30 

formed by substrate 12, floating body 24, and junctions 16 and 18. As a result, 

the floating body 24 potential will return to the initial state "1" equilibrium 

potential. For memory cells in state ''O", if the increase in :floating body 24 

potential is sufficiently high (i.e., at least VFB/3, see below), then both n-p-n 

bipolar devices 30a and 30b are turned on, and as a result the floating body 24 

reaches a new equilibrium potential, between that of state "O" and state "1 ". 

Therefore, the WL potential needs to be optimized so that the n-p-n bipolar 

devices 30a, 30b will not be turned on or that the base hole current is low 
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enough that it does not result in an increase of the floating body 24 potential 

over the time during which the write operation is carried out (write operation 

time). It has been determined by the present inventor that a floating body 24 

potential increase of V FB/3 is low enough to suppress the floating body 24 

potential increase. 

[00476] Accordingly, with careful design concerning the voltage applied to WL 

terminal 70, the states of the unselected memory cells sharing the same WL 

terminal (i.e. the same row) as the selected memory cells will be maintained. 

[00477] For memory cells sharing the same column as the selected memory cell, 

a negative voltage is applied to the BL terminal 74 (see Figs. 13E and 13F), 

resulting in an increase in the potential difference between floating body 24 and 

region 18 connected to BL terminal 7 4. As a result a higher forward bias current 

between floating body 24 and junction 18 occurs. For memory cells in state ''O", 

the potential difference between :floating body 24 and junction 18 is still 

sufficiently low that the p-n diode formed by floating body 24 and junction 18 is 

still not forward biased. Thus those memory cells will remain in state ''O". For 

memory cells in state "1 ",junction leakage caused by forward bias current will 

increase. However, the hole current of the n-p-n bipolar device 30b formed by 

substrate 12, floating body 24, and region 18 will also increase as a result of the 

increase in potential difference between the substrate 12 and region 18 (the 

collector and emitter terminals, respectively). Hence, the floating body 24 of 

memory cells in state "1" will also remain positively charged (i.e., in state "1 "). 

[00478] As to memory cells not sharing the same row or the same column as the 

selected memory cell, both the SL terminal 72 and BL terminal 7 4 are at about 

0.0 volts (see Figs. 13G and 13H). These cells will thus be in a holding mode 

and continue a holding operation, with memory cells in state "1" maintaining the 

charge in floating body 24 because the intrinsic n-p-n bipolar device 30 will 

generate hole current to replenish the charge in floating body 24; while memory 

cells in state "O" will remain in the neutral state. 

[00479] Accordingly, the present invention provides for a write "O" operation that 

allows for bit selection. The positive bias applied to the substrate terminal 78 of 

the memory cells 50 is necessary to maintain the states of the unselected cells 

50, especially those sharing the same row and column as the selected cells 50, as 
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the bias conditions can potentially alter the states of the memory cells 50 vvithout 

the intrinsic bipolar devices 30a, 30b (formed by substrate 12, floating body 24, 

and regions 16, 18, respectively) re-establishing the equilibrium condition. Also, 

the positive bias applied to the substrate terminal 78 employed for the holding 

operation does not interrupt the write ''()" operation of the selected memory 

cell(s). 

[00480] A write "1" operation can be performed on mem01y cell 50 through 

impact ionization or band-to-band tunneling mechanism, as described for 

example in "A Design of a Capacitorless IT-DRAM Cell Using Gate-Induced 

Drain Leakage (GIDL) Current for Low-power and High-speed Embedded 

Memory", Yoshida et al., pp. 913-918, International Electron Devices Meeting, 

2003, which was incorporated by reference above. 

[00481] An example of the bias condition of the selected memory cell 50 under 

band-to-band tunneling write "1" operation is illustrated in Fig. 14 and Figs. 

15A-15B. The negative bias applied to the WL terminal 70 and the positive bias 

applied to the BL terminal 7 4 results in hole injection to the floating body 24 of 

the selected memory cell 50. The positive bias applied to the substrate terminal 

78 maintains the resulting positive charge on the floating body 24 as discussed 

above. The unselected cells 50 remain at the holding mode, vvith zero or 

negative voltage applied to the unselected WL terminal 70 and zero voltage is 

applied to the unselected BL terminal 7 4 to maintain the holding operation 

(holding mode). 

[00482] In one particular non-limiting embodiment, the follovving bias conditions 

are applied to the selected memory cell 50a: a potential of about 0.0 volts is 

applied to terminal 72, a potential of about+ 1.2 volts is applied to terminal 7 4, a 

potential of about -1.2 volts is applied to terminal 70, and about + 1.2 volts is 

applied to terminal 78; and the following bias conditions are applied to the 

unselected memory cells 50: about 0.0 volts is applied to terminal 72, about 0.0 

volts is applied to terminal 7 4, about 0.0 volts is applied to terminal 70, and 

about+ 1.2 volts is applied to terminal 78. Fig. 14 shows the bias conditions for 

the selected and unselected memory cells in memory array 80. However, these 

voltage levels may vary. 
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[00483] The unselected mem01y cells during write "1" operations are shmvn in 

Figs. 15C-15H. The bias conditions for memory cells sharing the same row (e.g. 

memory cell 50b) are shown in Figs. 15C-15D and the bias conditions for 

memory cells sharing the same column as the selected memory cell 50a (e.g. 

memory cell 50c) are shown in Figs. 15E-15F. The bias conditions for memory 

cells 50 not sharing the same row or the same column as the selected memory 

cell 50a (e.g. memory cell 50d) are shown in Figs. 15G-15H. 

[00484] For memory cells sharing the same row as the selected memory cell, both 

the SL terminal 72 and BL terminal 74 are at about 0.0 volts, with the WL 

terminal 70 at zero or negative voltage (Figs. 15C-15D). Comparing with the 

holding operation bias condition, it can be seen that cells sharing the same row 

(i.e. the same WL terminal 70) are in holding mode. As a result, the states of 

these memory cells will remain unchanged. 

[00485] For memory cells sharing the same column as the selected memory cell, 

a positive voltage is applied to the BL terminal 7 4. As a result, the bipolar 

device 30b formed by substrate 12, floating body 24, and region 18 connected to 

BL terminal 7 4 will be turned off because of the small voltage difference 

between the substrate terminal 78 and BL terminal 74 (the collector and emitter 

terminals, respectively). However, the bipolar device 30a formed by substrate 

12, floating body 24, and region 16 connected to SL terminal 72 will still 

generate base hole current for memory cells in state "1" having positive charge 

in floating body 24. Memory cells in state ''()" will remain in state ''()" as this 

bipolar device 30a (formed by substrate 12, floating body 24, and region 16) is 

off 

[00486] For memory cells not sharing the same row or the same column as the 

selected memory cell, both the SL terminal 72 and BL terminal 7 4 are at about 

0.0 volts (see Figs. 15G-15H). As can be seen, these cells will be in a holding 

operation (holding mode), where memory cells in state "1" will maintain the 

charge in floating body 24 because the intrinsic n-p-n bipolar devices 30a, 30b 

will generate hole current to replenish the charge in floating body 24; while 

memory cells in state ''()"will remain in the neutral state. 

[00487] Thus the positive bias applied to the substrate terminal 78 employed for 

the holding operation does not interrupt the write "1" operation of the selected 
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memory cell(s). At the same time, the unselected memory cells during write "1" 

operation vvill remain in holding operation. 

[00488] A multi-level write operation can be performed using an alternating write 

and verify algorithm, where a write pulse is first applied to the memory cell 50, 

followed by a read operation to verify if the desired memory state has been 

achieved. If the desired memory state has not been achieved, another write pulse 

is applied to the mem01y cell 50, followed by another read verification 

operation. Tiris loop is repeated until the desired memory state is achieved. 

[00489] For example, using band-to-band tunneling hot hole injection, a positive 

voltage is applied to BL terminal 7 4, zero voltage is applied to SL terminal 72, a 

negative voltage is applied to WL terminal 70, and a positive voltage is applied 

to the substrate terminal 78. Positive voltages of different amplitude are applied 

to BL terminal 7 4 to write different states to :floating body 24. This results in 

different :floating body potentials 24 corresponding to the different positive 

voltages or the number of positive voltage pulses that have been applied to BL 

terminal 7 4. By applying positive voltage to substrate terminal 78, the resulting 

floating body 24 potential is maintained through base hole current flowing into 

floating body 24. In one particular non-limiting embodiment, the write 

operation is performed by applying the following bias condition: a potential of 

about 0.0 volts is applied to terminal 72, a potential of about -1.2 volts is applied 

to terminal 70, and about+ 1.2 volts is applied to terminal 78, while the potential 

applied to BL terminal 7 4 is incrementally raised. For example, in one non­

limiting embodiment 25 millivolts is initially applied to BL terminal 7 4, 

followed by a read verify operation. If the read verify operation indicates that 

the cell current has reached the desired state (i.e., cell current corresponding to 

whichever of 00, 01, 10 or 11 is desired is achieved), then the multi write 

operation is commenced. If the desired state is not achieved, then the voltage 

applied to BL terminal 7 4 is raised, for example, by another 25 millivolts, to 50 

millivolts. Tiris is subsequently followed by another read verify operation, and 

this process iterates until the desired state is achieved. However, the voltage 

levels described may vary. The write operation is followed by a read operation 

to verify the mem01y state. 
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[00490] The write-then-verify algorithm is inherently slow since it requires 

multiple write and read operations. The present invention provides a multi-level 

write operation that can be performed without alternate write and read 

operations. This is accomplished by ramping the voltage applied to BL terminal 

7 4, while applying zero voltage to SL terminal 72, a positive voltage to WL 

terminal 70, and a positive voltage to substrate terminal 78 of the selected 

memory cells. The unselected mem01y cells will remain in holding mode, with 

zero or negative voltage applied to WL terminal 70 and zero voltage applied to 

BL terminal 74. These bias conditions will result in a hole injection to the 

floating body 24 through impact ionization mechanism. The state of the 

memory cell 50 can be simultaneously read for example by monitoring the 

change in the cell current through a read circuitry 90 (Figs. 16A-16C) coupled to 

the source line 72. The cell current measured in the source line direction is a 

cumulative cell current of all mem01y cells 50 which share the same source line 

72 (see Figs. 16A-16C). As a result, only one memory cell 50 sharing the same 

source line 72 can be written. This ensures that the change in the cumulative cell 

current is a result of the write operation on the selected mem01y cell 50. 

[00491] As shmvn in Fig. 17, the potential of the floating body 24 increases over 

ti.me as these bias conditions result in hole injection to floating body 24 through 

an impact ionization mechanism. Once the change in cell current reaches the 

desired level associated with a state of the memory cell 50, the voltage applied to 

BL terminal 74 can be removed. By applying a positive voltage (back bias) to 

substrate terminal 78, the resulting floating body 24 potential is maintained 

through base hole current flowing into floating body 24. In this manner, the 

multi-level write operation can be performed without alternate write and read 

operations. 

[00492] Figs. 16A-16C also show a reference generator circuit 92, which serves 

to generate the initial cumulative cell current of the memory cells 50 sharing the 

same source line 72 being written. For example, the cumulative charge of the 

initial state for all memory cells 50 sharing the same source line 72 can be stored 

in a capacitor 94 (see Fig. 16B). Transistor 96 is turned on when charge is to be 

written into or read from capacitor 94. Alternatively, a reference cell SOR (Fig. 

16C) similar to a memory cell 50 can also be used to store the initial state. 
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Using a similar principle, a write operation is performed on the reference cell 

SOR using the cumulative cell current from the source line 72. Transistor 96 is 

turned on when a write operation is to be performed on the reference cell SOR. 

A positive bias is also applied to the substrate of the reference cell to maintain its 

state. The size of the reference cell SOR needs to be configured such that it is 

able to store the maximum cumulative charge of all the memory cells SO, i.e. 

when all of the memory cells SO sharing the same source line 72 are positively 

charged. 

[00493] In a similar manner, a multi-level write operation usmg an impact 

ionization mechanism can be performed by ramping the write current applied to 

BL terminal 7 4 instead oframping the BL terminal 7 4 voltage. 

[00494] In yet another embodiment, a multi-level write operation can be 

performed through a band-to-band tunneling mechanism by ramping the voltage 

applied to BL terminal 74, while applying zero voltage to SL terminal 72, a 

negative voltage to WL terminal 70, and zero or positive voltage to substrate 

terminal 78 of the selected mem01y cells SO. The unselected memory cells SO 

will remain in holding mode, with zero or negative voltage applied to WL 

terminal 70 and zero voltage applied to BL terminal 74. Optionally, multiple BL 

terminals 74 can be simultaneously selected to write multiple cells in parallel. 

The potential of the floating body 24 of the selected memory cell(s) SO will 

increase as a result of the band-to-band tunneling mechanism. The state of the 

selected memory cell(s) SO can be simultaneously read for example by 

monitoring the change in the cell current through a read circuitry 90 coupled to 

the source line. Once the change in the cell current reaches the desired level 

associated with a state of the memory cell, the voltage applied to BL terminal 74 

can be removed. If positive voltage is applied to substrate terminal 78, the 

resulting floating body 24 potential is maintained through base hole current 

flowing into :floating body 24. In this manner, the multi-level write operation 

can be performed without alternate write and read operations. 

[00495] Similarly, the multi-level write operation using band-to-band tunneling 

mechanism can also be performed by ramping the write current applied to BL 

terminal 7 4 instead of ramping the voltage applied to BL terminal 7 4. 
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[00496] In another embodiment, a read while programming operation can be 

performed by monitoring the change in cell current in the bit line direction 

through a reading circuitry 90 coupled to the bit line 74 as shown in Fig. ISA. 

Reference cells SOR representing different memory states are used to verify the 

state of the write operation The reference cells SOR can be configured through a 

write-then-verify operation for example when the memory device is first 

powered up. 

[00497] In the voltage ramp operation, the resulting cell current of the memory 

cell SO being written is compared to the reference cell SOR current by means of 

the read circuitry 90. During this read while programming operation, the 

reference cell SOR is also being biased at the same bias conditions applied to the 

selected mem01y cell SO during the write operation. Therefore, the write 

operation needs to be ceased after the desired memory state is achieved to 

prevent altering the state of the reference cell SOR. For the current ramp 

operation, the voltage at the bit line 7 4 can be sensed instead of the cell current. 

The bit line voltage can be sensed for example using a voltage sensing circuitry 

(see Fig. 18B) as described in ''VLSI Design of Non-Volatile Memories", 

Campardo G. et al., 200S, which is hereby incorporated herein, in its entirety, by 

reference thereto. 

[00498] An example of a multi-level write operation without alternate read and 

write operations, using a read while programming operation/scheme in the bit 

line direction is given, where two bits are stored per memory cell SO, requiring 

four states to be storable in each memory cell SO. With increasing charge in the 

floating body 24, the four states are referred to as states ''00", ''() 1 ", "1 O", and 

"11 ". To program a mem01y cell SO to a state ''01 ", the reference cell SOR 

corresponding to state ''01" is activated. Subsequently, the bias conditions 

described above are applied both to the selected memory cell SO and to the ''01" 

reference cell SOR: zero voltage is applied to the source line terminal 72, a 

positive voltage is applied to the substrate terminal 78, a positive voltage is 

applied to the WL terminal 70 (for the impact ionization mechanism), while the 

BL terminal 7 4 is being ramped up, starting from zero voltage. Starting the 

ramp voltage from a low voltage (i.e. zero volts) ensures that the state of the 

reference cell SOR does not change. 
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[00499] The voltage applied to the BL terminal 7 4 is then increased. 

Consequently, holes are injected into the floating body 24 of the selected cell 50 

and subsequently the cell current of the selected cell 50 increases. Once the cell 

current of the selected cell 50 reaches that of the ''() 1" reference cell, the write 

operation is stopped by removing the positive voltage applied to the BL terminal 

74 and WL terminal 70. 

[00500] As was noted above, a periodic pulse of positive voltage can be applied 

to substrate terminal 78, as opposed to applying a constant positive bias, to 

reduce the power consumption of the memory cell 50. The memory cell 50 

operations during the period where the substrate terminal 78 is being grounded 

are now briefly described. During the period when the substrate terminal 78 is 

grounded, the memory cells 50 connected to a ground substrate terminal 78 are 

no longer in holding mode. Therefore the period during which the substrate 

terminal is grounded must be shorter than the charge retention time period of the 

floating body, to prevent the state of the floating body from changing when the 

substrate terminal is grounded. The charge lifetime (i.e., charge retention time 

period) of the floating body 24 without use of a holding mode has been shown to 

be on the order of milliseconds, for example, see "A Scaled Floating Body Cell 

(FBC) Memory with High-k+Metal Gate on Thin-Silicon and Thin-BOX for 16-

nm Teclmology Node and Beyond", Ban et al., pp. 92-92, Symposium on VLSI 

Teclmology, 2008, which is hereby incorporated herein, in its entirety, by 

reference thereto. The state of the memory cell 50 can be maintained by 

refreshing the charge stored in floating body 24 during the period over which the 

positive voltage pulse is applied to the back bias terminal (i.e., substrate terminal 

78). 

[00501] A read operation can be performed by applying the following bias 

conditions: zero voltage is applied to the substrate terminal 78, zero voltage is 

applied to SL terminal 72, a positive voltage is applied to the selected BL 

terminal 7 4, and a positive voltage greater than the positive voltage applied to 

the selected BL terminal 7 4 is applied to the selected WL terminal 70. The 

unselected BL terminals 7 4 will remain at zero voltage and the unselected WL 

terminals 70 will remain at zero or negative voltage. If the substrate terminals 

78 are segmented (as for example shown in Figs. 4A-4C), a positive voltage can 
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be applied to the unselected substrate terminals 78. In one particular non-

limiting embodiment, about 0.0 volts is applied to terminal 72, about +0.4 volts 

is applied to the selected terminal 7 4, about+ 1.2 volts is applied to the selected 

terminal 70, and about 0.0 volts is applied to terminal 78. The unselected 

terminals 7 4 remain at 0.0 volts and the unselected terminals 70 remain at 0.0 

volts. The unselected terminals 78 (in the case where the substrate terminals 78 

are segmented as in Figs. 4A and 4B) can remain at +1.2 volts (see Fig. 19). 

Because the read operation is carried out over a time period on the order of 

nanoseconds, it is of a much shorter duration than the charge lifetime (charge 

retention time period) of the floating body 24 unassisted by a holding operation. 

Accordingly, the performance of a read operation does not affect the states of the 

memory cells connected to the terminal 78 as it is momentarily (on the order of 

nanoseconds) grounded. 

[00502] A write ''()" operation of the cell 50 can be performed by applying the 

following bias conditions: a negative bias is applied to SL terminal 72, zero or 

negative voltage is applied to WL terminal 70, and zero voltage is applied to 

substrate terminal 78. The SL terminal 72 for the unselected cells will remain 

grounded. If the substrate terminals 78 are segmented (as for example shown in 

Figs. 4A-4C), a positive voltage can be applied to the unselected substrate 

terminals 78. Under these conditions, the p-n junction between 24 and 16 is 

forward-biased, evacuating any holes from the :floating body 24. In one 

particular non-limiting embodiment, about -2.0 volts is applied to terminal 72, 

about 0.0 volts is applied to terminal 70, and about 0.0 volts is applied to 

terminal 78. The unselected terminals 78 (in the case where the substrate 

terminals 78 are segmented as in Figs. 4A and 4B) can remain at + 1.2 volts. 

With the substrate terminal 78 being grounded, there is no bipolar hole current 

flowing to the floating body 24. As a result, the write ''()" operation will also 

require less time. Because the write ''()" operation is brief, occurring over a time 

period on the order of nanoseconds, it is of much shorter duration than the 

charge retention time period of the floating body 24, unassisted by a holding 

operation. Accordingly, the write ''()"operation does not affect the states of the 

unselected memory cells 50 connected to the terminal 78 being momentarily 

grounded to perform the write ''()" operation. The bias conditions applied to the 
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memory array 80 are shmvn in Fig. 20. However, these voltage levels may vazy, 

while maintaining the relative relationships between the charges applied, as 

described above. 

[00503] An example of the bias conditions for an alternative write "O" operation 

which allows for individual bit write is shown in Fig. 21. The following 

conditions are applied to selected memory cell 50: a positive voltage to WL 

terminal 70, a negative voltage to BL terminal 7 4, zero or positive voltage to SL 

terminal 72, and zero voltage to substrate terminal 78. Under these conditions, 

the floating body 24 potential will increase through capacitive coupling from the 

positive voltage applied to the WL terminal 70. As a result of the floating body 

24 potential increase and the negative voltage applied to the BL terminal 74, the 

p-njunction between 24 and 18 is forward-biased, evacuating any holes from the 

floating body 24. To reduce undesired write "O" disturb to other memory cells 

in the memory array sharing the same row or column as the selected memory 

cell, the applied potential can be optimized as follows: if the floating body 24 

potential of state "1" is referred to as VFBJ, then the voltage applied to the WL 

terminal 70 is configured to increase the floating body 24 potential by V FB 1/2 

while -VFBi/2 is applied to BL terminal 74. A positive voltage can be applied to 

SL terminal 72 to further reduce the undesired write ''()" disturb on other 

memory cells 50 in the memory array that do not share the same common SL 

terminal 72 as the selected memory cell. The unselected cells will remain at 

holding state, i.e. zero or negative voltage applied to WL terminal 70, zero 

voltage applied to BL terminal 7 4, and positive voltage applied to substrate 

terminal 78 (in the case the substrate terminals 78 are segmented as for example 

shown in Figs. 4A-4C). Because the write''()" operation is brief, occurring over 

a time period on the order of nanoseconds, it is of much shorter duration than the 

charge retention time period of the floating body 24, unassisted by a holding 

operation. Accordingly, the write ''()"operation does not affect the states of the 

unselected memory cells 50 connected to the terminal 78 being momentarily 

grounded to perform the write "O" operation. 

[00504] Still referring to Fig. 21, in one particular non-limiting embodiment, the 

following bias conditions are applied to the selected memory cell 50a: a potential 

of about 0.0 volts is applied to terminal 72a, a potential of about -0.2 volts is 
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applied to terminal 7 4a, a potential of about +0.5 volts is applied to terminal 70a, 

and about 0.0 volts is applied to terminal 78a; while about 0.0 volts is applied to 

terminal 72n and the other SL terminals not connected to the selected cell 50a, 

about 0.0 volts is applied to terminal 7 4n and the other BL terminals not 

connected to the selected cell 50a, about 0.0 volts is applied to terminal 70n and 

the other WL terminals not coJlllected to the selected cell 50a, and about + 1.2 

volts is applied to terminal 78n and the other substrate terminals not connected 

to the selected cell 50a. However, these voltage levels may vary. 

[00505] An example of the bias conditions applied to the memory array 80 under 

a band-to-band tunneling write "1" operation to cell 50a is shown in Fig. 22, 

where a negative bias is applied to WL terminal 70a, a positive bias is applied to 

BL terminal 74a, zero voltage is applied to SL terminal 72a, and zero voltage is 

applied to substrate terminal 78a. The negative bias applied to the WL terminal 

70a and the positive bias applied to the BL terminal 7 4a will result in hole 

injection to the :floating body 24 of the selected memory cell 50a. The 

unselected cells 50 will remain at the holding mode, with zero or negative 

voltage applied to the unselected WL terminals 70 ( in this case, terminal 70n 

and any other WL terminal 70 not connected to selected cell 50a) and zero 

voltage is applied to the unselected BL terminals 74 (in this case, terminals 74b, 

7 4n and any other BL terminal 7 4 not connected to selected cell 50a) and 

positive voltage applied to unselected substrate terminals 78 (in the case the 

substrate terminals 78 are segmented as for example shown in Figs. 4A and 4B; 

and, in Fig. 22, to terminals 78n and any other substrate terminals 78 not 

connected to selected cell 50a). 

[00506] Still referring to Fig. 22, in one particular non-limiting embodiment, the 

following bias conditions are applied to the selected memory cell 50a: a potential 

of about 0.0 volts is applied to terminal 72a, a potential of about + 1.2 volts is 

applied to terminal 7 4a, a potential of about -1.2 volts is applied to terminal 70a, 

and about 0.0 volts is applied to terminal 78a; while about 0.0 volts is applied to 

the unselected terminals 72 (defined in the preceding paragraph), about 0.0 volts 

is applied to unselected terminals 74 (defined in the preceding paragraph), about 

0.0 volts is applied to unselected terminals 70 (defined in the preceding 

paragraph), and about + 1.2 volts is applied to unselected substrate terminals 78 
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(defined in the preceding paragraph) of the unselected memory cells. However, 

these voltage levels may vary. 

[00507] Fig. 23A shows another embodiment of a memory cell 150 according to 

the present invention. The cell 150 includes a substrate 12 of a first conductivity 

type, such as a p-type conductivity type, for example. Substrate 12 is typically 

made of silicon, but may comprise germanium, silicon germanium, gallium 

arsenide, carbon nanotubes, or other semiconductor materials known in the art. 

The substrate 12 has a surface 14. A first region 16 having a second 

conductivity type, such as n-type, for example, is provided in substrate 12 and is 

exposed at surface 14. A second region 18 having the second conductivity type 

is also provided in substrate 12, and is also exposed at surface 14. Second 

region 18 is spaced apart from the first region 16, as shown. First and second 

regions 16 and 18 may be formed by an implantation process on the material 

making up substrate 12, according to any of implantation processes known and 

typically used in the art. Alternatively, a solid state diffusion process may be 

used to form first and second regions 16 and 18. 

[00508] A buried layer 22 of the second conductivity type is also provided in the 

substrate 12, buried in the substrate 12, as shown. Buried layer 22 may also be 

formed by an ion implantation process on the material of substrate 12. 

Alternatively, buried layer 22 can be grown epitaxially. A :floating body region 

24 of the substrate 12 having a first conductivity type, such as a p-type 

conductivity type, is bounded by surface, first and second regions 16,18, 

insulating layers 26 and buried layer 22. Insulating layers 26 (e.g., shallow 

trench isolation (STI)), may be made of silicon oxide, for example. Insulating 

layers 26 insulate cell 150 from neighboring cells 150 when multiple cells 150 

are joined in an array 180 to make a memory device as illustrated in Fig. 24. A 

gate 60 is positioned in between the regions 16 and 18, and above the surface 14. 

The gate 60 is insulated from surface 14 by an insulating layer 62. Insulating 

layer 62 may be made of silicon oxide and/or other dielectric materials, 

including high-K dielectric materials, such as, but not limited to, tantalum 

peroxide, titanium oxide, zirconium oxide, hafuium oxide, and/or aluminum 

oxide. The gate 60 may be made of polysilicon material or metal gate electrode, 

such as tungsten, tantalum, titanium and their nitrides. 
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[00509] Cell 150 further includes word line (WL) terminal 70 electrically 

connected to gate 60, source line (SL) terminal 72 electrically connected to one 

of regions 16 and 18 (coJlllected to 16 as shown, but could, alternatively, be 

connected to 18), bit line (BL) terminal 74 electrically connected to the other of 

regions 16 and 18, buried well (BW) terminal 76 electrically connected to buried 

layer 22, and substrate terminal 78 electrically connected to substrate 12 at a 

location beneath buried layer 22. Contact to buried well region 22 could be 

made through region 20 having a second conductivity type, which is electrically 

connected to buried well region 22, while contact to substrate region 12 could be 

made through region 28 having a first conductivity type, which is electrically 

connected to substrate region 12, as shown in Fig. 23B 

[00510] In another embodiment, the mem01y cell 150 may be provided with p-

type conductivity type as the first conductivity type and n-type conductivity type 

as the second conductivity type. 

[00511] As shown in Fig. 25, inherent in this embodiment of the memory cell 150 

are n-p-n bipolar devices 130a, 130b formed by buried well region 22, floating 

body 24, and SL and BL regions 16, 18. The memory cell operations will be 

described as follows. As will be seen, the operation principles of this 

embodiment of the memory cell 150 will follow the descriptions above, where 

the bias applied on the n-type substrate terminal 78 for the above described 

memory cell 50 is now applied to then-type buried well terminal 76 of cell 150. 

The p-type substrate 12 of the current embodiment of the memory cell 150 will 

be grounded, reverse biasing the p-n junction between substrate 12 and buried 

well layer 22, thereby preventing any leakage current between substrate 12 and 

buried well layer 22. 

[00512] A holding operation can be performed by applying a positive back bias to 

the BW terminal 76 while grounding terminal 72 and/or terminal 74. If floating 

body 24 is positively charged (i.e. in a state "l "), the bipolar transistor formed 

by SL region 16, floating body 24, and buried well region 22 and bipolar 

transistor formed by BL region 18, floating body 24, and buried well region 22 

will be turned on. 

[00513] A fraction of the bipolar transistor current will then flow into floating 

region 24 (usually referred to as the base current) and maintain the state "l" 
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data. The efficiency of the holding operation can be enhanced by designing the 

bipolar devices 130a, 130b formed by buried well layer 22, :floating region 24, 

and regions 16/18 to be a low-gain bipolar device, where the bipolar gain is 

defined as the ratio of the collector current flowing out of BW terminal 76 to the 

base current flowing into the floating region 24. 

[00514] For memory cells in state ''()" data, the bipolar devices 130a, 130b will 

not be turned on, and consequently no base hole current will flow into floating 

region 24. Therefore, memory cells in state ''()"will remain in state "O". 

[00515] The holding operation can be performed in mass, parallel manner as the 

BW terminal 76 (functioning as back bias terminal) is typically shared by all the 

cells 150 in the memory array 180, or at least by multiple cells 150 in a segment 

of the array 180. The BW terminal 76 can also be segmented to allow 

independent control of the applied bias on a selected portion of the memory 

array 180. Also, because BW terminal 76 is not used for memory address 

selection, no mem01y cell access interruption occurs due to the holding 

operation. 

[00516] An example of the bias conditions applied to cell 150 to carry out a 

holding operation includes: zero voltage is applied to BL terminal 7 4, zero 

voltage is applied to SL terminal 72, zero or negative voltage is applied to WL 

terminal 70, a positive voltage is applied to the BW terminal 76, and zero 

voltage is applied to substrate terminal 78. In one particular non-limiting 

embodiment, about 0.0 volts is applied to terminal 72, about 0.0 volts is applied 

to terminal 7 4, about 0.0 volts is applied to terminal 70, about + 1.2 volts is 

applied to terminal 76, and about 0.0 volts is applied to terminal 78. However, 

these voltage levels may vary. 

[00517] A read operation can be performed on cell 150 by applying the following 

bias conditions: a positive voltage is applied to the BW terminal 76, zero 

voltage is applied to SL terminal 72, a positive voltage is applied to the selected 

BL terminal 7 4, and a positive voltage greater than the positive voltage applied 

to the selected BL terminal 7 4 is applied to the selected WL terminal 70, while 

zero voltage is applied to substrate terminal 78. When cell 150 is in an array 180 

of cells 150, the unselected BL terminals 74 (e.g., 74b, ... , 74n) will remain at 

zero voltage and the unselected WL terminals 70 (e.g., 70n and any other WL 
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terminals 70 not connected to selected cell 150a) vvill remain at zero or negative 

voltage. In one particular non-limiting embodiment, about 0.0 volts is applied to 

terminal 72, about +0.4 volts is applied to the selected terminal 7 4a, about + 1.2 

volts is applied to the selected terminal 70a, about + 1.2 volts is applied to 

terminal 76, and about 0.0 volts is applied to terminal 78, as illustrated in Fig. 

26. The unselected terminals 7 4 remain at 0.0 volts and the unselected terminal 

70 remain at 0.0 volts as illustrated in Fig. 26. However, these voltage levels 

may vary while maintaining the relative relationships between voltage levels as 

generally described above. As a result of the bias conditions applied as 

described, the unselected mem01y cells (150b, 150c and 150d) will be at holding 

mode, maintaining the states of the respective floating bodies 24 thereof. 

Furthermore, the holding operation does not interrupt the read operation of the 

selected mem01y cell 150a. 

[00518] To write "O" to cell 150, a negative bias is applied to SL terminal 72, 

zero or negative voltage is applied to WL terminal 70, zero or positive voltage is 

applied to BW terminal 76, and zero voltage is applied to substrate terminal 78. 

The SL terminal 72 for the unselected cells 150 that are not commonly 

connected to the selected cell 150a vvill remain grounded. Under these 

conditions, the p-n junctions Gunction between 24 and 16 and between 24 and 

18) are forward-biased, evacuating any holes from the floating body 24. In one 

particular non-limiting embodiment, about -2.0 volts is applied to terminal 72, 

about -1.2 volts is applied to terminal 70, about+ 1.2 volts is applied to terminal 

76, and about 0.0 volts is applied to terminal 78. However, these voltage levels 

may vary, while maintaining the relative relationships between the charges 

applied, as described above. 

[00519] The bias conditions for all the unselected cells are the same since the 

write''()" operation only involves applying a negative voltage to the SL terminal 

72 (thus to the entire row). As can be seen, the unselected mem01y cells vvill be 

in holding operation, with both BL and SL terminals at about 0.0 volts. 

[00520] Thus, the holding operation does not interrupt the write ''()" operation of 

the memory cells. Furthermore, the unselected memory cells will remain in 

holding operation during a write ''()" operation. 
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[00521] An alternative write "O" operation, which, unlike the previous write "O" 

operation described above, allows for individual bit write, can be performed by 

applying a positive voltage to WL terminal 70, a negative voltage to BL terminal 

7 4, zero or positive voltage to SL terminal 72, zero or positive voltage to BW 

terminal 76, and zero voltage to substrate terminal 78. Under these conditions, 

the floating body 24 potential will increase through capacitive coupling from the 

positive voltage applied to the WL terminal 70. As a result of the floating body 

24 potential increase and the negative voltage applied to the BL terminal 74, the 

p-n junction Gunction behveen 24 and 16) is forward-biased, evacuating any 

holes from the floating body 24. The applied bias to selected WL terminal 70 

and selected BL terminal 7 4 can potentially affect the states of the unselected 

memory cells 150 sharing the same WL or BL terminal as the selected memory 

cell 150. To reduce undesired write''()" disturb to other mem01y cells 150 in the 

memory array 180, the applied potential can be optimized as follows: If the 

floating body 24 potential of state "1" is referred to as VFBl, then the voltage 

applied to the WL terminal 70 is configured to increase the floating body 24 

potential by V FB 1/2 while -V FB 1/2 is applied to BL terminal 7 4. This will 

minimize the floating body 24 potential change in the unselected cells 150 in 

state "1" sharing the same BL terminal as the selected cell 150 from V FB 1 to 

VFB 1/2. For memory cells 150 in state''()" sharing the same WL terminal as the 

selected cell 150, if the increase in floating body 24 potential is sufficiently high 

(i.e., at least VFB/3, see below), then both n-p-n bipolar devices 130a and 130b 

will not be turned on or so that the base hold current is low enough that it does 

not result in an increase of the floating body 24 potential over the time during 

which the write operation is carried out (write operation time). It has been 

determined according to the present invention that a floating body 24 potential 

increase of V FB/3 is low enough to suppress the :floating body 24 potential 

increase. A positive voltage can be applied to SL terminal 72 to further reduce 

the undesired write "O" disturb on other memory cells 150 in the memory array. 

The unselected cells will remain at holding state, i.e. zero or negative voltage 

applied to WL terminal 70 and zero voltage applied to BL terminal 7 4. The 

unselected cells 150 not sharing the same WL or BL terminal as the selected cell 
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150 will remain at holding state, i.e., with zero or negative voltage applied to 

unselected WL terminal and zero voltage applied to unselected BL terminal 74. 

[00522] In one particular non-limiting embodiment, for the selected cell 150 a 

potential of about 0.0 volts is applied to terminal 72, a potential of about -0.2 

volts is applied to terminal 74, a potential of about +0.5 volts is applied to 

terminal 70, about +1.2 volts is applied to terminal 76, and about 0.0 volts is 

applied to terminal 78. For the unselected cells not sharing the same WL 

terminal or BL terminal with the selected mem01y cell 50, about 0.0 volts is 

applied to terminal 72, about 0.0 volts is applied to terminal 7 4, about 0.0 volts 

is applied to terminal 70, about + 1.2 volts is applied to terminal 7 6, and about 

0.0 volts is applied to terminal 78. Fig. 27 shows the bias conditions for the 

selected and unselected memory cells 150 in mem01y array 180. However, these 

voltage levels may vary. 

[00523] An example of the bias conditions applied to a selected memory cell 150 

during a write ''()"operation is illustrated in Figs. 28A-28B. An example of the 

bias conditions applied to the unselected memory cells 150 during write ''()" 

operations are shown in Figs. 28C-28H. The bias conditions for unselected 

memory cells 150 sharing the same row as selected mem01y cell 150a (e.g. 

memory cell 150b in Fig. 27) are shown in Figs. 28C-28D. The bias conditions 

for unselected mem01y cells 150 sharing the same column as selected memory 

cell 150a (e.g. memory cell 150c in Fig. 27) are shown in Figs. 28E-28H. The 

bias conditions for unselected memory cells 150 not sharing the same row or the 

same column as the selected memory cell 150a (e.g. memory cell 150d in Fig. 

27) are shown in Figs. 28G-28H. 

[00524] During the write ''()" operation (individual bit write "O" operation 

described above) in memory cell 150, the positive back bias applied to the BW 

terminal 7 6 of the memory cells 150 is necessary to maintain the states of the 

unselected cells 150, especially those sharing the same row or column as the 

selected cell 150a, as the bias condition can potentially alter the states of the 

memory cells 150 without the intrinsic bipolar device 130 (formed by buried 

well region 22, floating body 24, and regions 16, 18) re-establishing the 

equilibrium condition. Furthermore, the holding operation does not interrupt the 

write "O" operation of the memory cells 150. 
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[00525] A write "l" operation can be performed on mem01y cell 150 through an 

impact ionization mechanism or a band-to-band tunneling mechanism, as 

described for example in "A Design of a Capacitorless 1 T-DRAM Cell Using 

Gate-Induced Drain Leakage (GIDL) Current for Low-power and High-speed 

Embedded Memory", Yoshida et al., pp. 913-918, International Electron Devices 

Meeting, 2003, which was incorporated by reference above. 

[00526] An example of bias conditions applied to selected memory cell 150a 

under a band-to-band tunneling write "l" operation is further elaborated and is 

shown in Fig. 29. The negative bias applied to the WL terminal 70a and the 

positive bias applied to the BL terminal 7 4a will result in hole injection to the 

floating body 24. The positive bias applied to the BW terminal 76a will 

maintain the resulting positive charge on the floating body 24 as discussed 

above. The unselected cells 150 will remain at the holding mode, with zero or 

negative voltage applied to the unselected WL terminal 70 (in Fig. 27, 70n and 

all other WL terminals 70 not connected to cell 150a) and zero voltage is applied 

to the unselected BL terminal 74b, 74n and all other BL terminals 74 not 

connected to cell 150a). The positive bias applied to the BW terminal 76 

employed for the holding operations does not interrupt the write "l" operation of 

the selected memory cell(s). At the same ti.me, the unselected memory cells 150 

will remain in a holding operation during a write "l" operation on a selected 

memory cell 150. 

[00527] A multi-level operation can also be performed on memory cell 150. A 

holding operation to maintain the multi-level states of memory cell 50 is 

described with reference to Fig. 6. The relationship between the floating body 

24 current for different floating body 24 potentials as a function of the BW 

terminal 76 potential (Fig. 6B) is similar to that of floating body 24 current as a 

function of the substrate terminal 78 potential (Fig. 6A). As indicated in Fig. 

6B, for different floating body potentials, at a certain BW terminal 76 potential 

VHoLD, the current flowing into floating body 24 is balanced by the junction 

leakage between floating body 24 and regions 16 and 18. The different floating 

body 24 potentials represent different charges used to represent different states 

of memory cell 150. This shows that different memory states can be maintained 

by using the holding/standby operation described here. 
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[00528] A multi-level write operation vvithout alternate write and read operations 

on memory cell 150 is now described. To perform this operation, zero voltage is 

applied to SL terminal 72, a positive voltage is applied to WL terminal 70, a 

positive voltage (back bias) is applied to BW terminal 76, and zero voltage is 

applied to substrate terminal 78, while the voltage of BL terminal 7 4 is ramped 

up. These bias conditions vvill result in a hole injection to the :floating body 24 

through an impact ionization mechanism. The state of the memory cell 150 can 

be simultaneously read for example by monitoring the change in the cell current 

through a read circuitry 90 coupled to the source line 72. The cell current 

measured in the source line direction (where source line current equals bit line 

current plus BW current and the currents are measured in the directions from 

buried well to source line and from bit line to source line) is a cumulative cell 

current of all memory cells 150 which share the same source line 72 (e.g. see 

Figs. 16A-16C for examples of monitoring cell current in the source line 

direction. The same monitoring scheme can be applied to memory array 80 as 

well as memory array 180). As a result, only one memory cell 150 sharing the 

same source line 72 can be written. This ensures that the change in the 

cumulative cell current is a result of the write operation on the selected mem01y 

cell 150. 

[00529] The applied bias conditions vvill result in hole injection to :floating body 

24 through an impact ionization mechanism. Fig. 17 shows the resulting 

increase of the :floating body potential 24 over time. Once the change in cell 

current reaches the desired level associated vvith a state of the mem01y cell 150 

(levels are schematically represented in Fig. 17), the voltage applied to BL 

terminal 74 can be removed. By applying a positive voltage to BW terminal 76, 

the resulting floating body 24 potential is maintained through base hole current 

flovving into :floating body 24. In this manner, the multi-level write operation 

can be performed vvithout alternate write and read operations. 

[00530] In a similar manner, the multi-level write operation usmg impact 

ionization mechanism can also be performed by ramping the write current 

applied to BL terminal 74 instead oframping the BL terminal 74 voltage. 

[00531] In yet another embodiment, a multi-level write operation can be 

performed through a band-to-band tunneling mechanism by ramping the voltage 
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applied to BL terminal 74, while applying zero voltage to SL terminal 72, a 

negative voltage to WL terminal 70, a positive voltage to BW terminal 76, and 

zero voltage to substrate terminal 78. The potential of the floating body 24 will 

increase as a result of the band-to-band tunneling mechanism. The state of the 

memory cell 50 can be simultaneously read for example by monitoring the 

change in the cell current through a read circuitry 90 coupled to the source line 

72. Once the change in the cell current reaches the desired level associated with 

a state of the memory cell, the voltage applied to BL terminal 7 4 can be 

removed. If positive voltage is applied to substrate terminal 78, the resulting 

floating body 24 potential is maintained through base hole current flowing into 

floating body 24. In this manner, the multi-level write operation can be 

performed without alternate write and read operations. 

[00532] Similarly, the multi-level write operation using band-to-band tunneling 

mechanism can also be performed by ramping the write current applied to BL 

terminal 7 4 instead of ramping the voltage applied to BL terminal 7 4. 

[00533] Similarly, a read while programming operation can be performed by 

monitoring the change in cell current in the bit line 7 4 direction (where bit line 

current equals SL current plus BW current) through a reading circuitry 90 

coupled to the bit line 74, for example as shown in Fig. ISA. For the current 

ramp operation, the voltage at the bit line 74 can be sensed, rather than sensing 

the cell current. The bit line voltage can be sensed, for example, using a voltage 

sensing circuitry, see Fig. 18B. 

[00534] Another embodiment of memory cell 150 operations, which utilizes the 

silicon controlled rectifier (SCR) principle has been disclosed in U.S. Patent 

Application Serial No. 12/533,661, filed July 31, 2009, which was incorporated 

by reference, in its entirety, above. 

[00535] Figs. 30 and 31 show another embodiment of the memory cell 50 

described in this invention. In this embodiment, cell 50 has a fin structure 52 

fabricated on substrate 12 having a first conductivity type (such as n-type 

conductivity type) so as to extend from the surface of the substrate to form a 

three-dimensional structure, with fin 52 extending substantially perpendicularly 

to, and above the top surface of the substrate 12. Fin structure 52 includes first 

and second regions 16, 18 having the first conductivity type. The floating body 
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region 24 is bounded by the top surface of the fin 52, the first and second regions 

16, 18 and insulating layers 26 (insulating layers 26 can be seen in the top view 

of Fig. 34). Insulating layers 26 insulate cell 50 from neighboring cells 50 when 

multiple cells 50 are joined to make a mem01y device (array 80). The floating 

body region 24 is conductive having a second conductivity type (such asp-type 

conductivity type) and may be formed through an ion implantation process or 

may be grown epitaxially. Fin 52 is typically made of silicon, but may comprise 

germanium, silicon germanium, gallium arsenide, carbon nanotubes, or other 

semiconductor materials lmown in the art. 

[00536] Memory cell device 50 further includes gates 60 on two opposite sides of 

the floating substrate region 24 as shown in Fig. 30. Alternatively, gates 60 can 

enclose three sides of the floating substrate region 24 as shown in Fig. 31. Gates 

60 are insulated from floating body 24 by insulating layers 62. Gates 60 are 

positioned between the first and second regions 16, 18, adjacent to the floating 

body 24. 

[00537] Device 50 includes several terminals: word line (WL) terminal 70, 

source line (SL) terminal 72, bit line (BL) terminal 7 4, and substrate terminal 78. 

Terminal 70 is connected to the gate 60. Terminal 72 is connected to first region 

16 and terminal 74 is coJlllected to second region 18. Alternatively, terminal 72 

can be connected to second region 18 and terminal 7 4 can be connected to first 

region 16. Terminal 78 is connected to substrate 12. 

[00538] Figs. 32 and 33 show another embodiment of memory cell 150 described 

in this invention. In this embodiment, cell 150 has a fin structure 52 fabricated 

on substrate 12, so as to extend from the surface of the substrate to form a three­

dimensional structure, with fin 52 extending substantially perpendicularly to, 

and above the top surface of the substrate 12. Fin structure 52 is conductive and 

is built on buried well layer 22. Region 22 may be formed by an ion 

implantation process on the material of substrate 12 or grown epitaxially. 

Buried well layer 22 insulates the floating substrate region 24, which has a first 

conductivity type (such asp-type conductivity type), from the bulk substrate 12. 

Fin structure 52 includes first and second regions 16, 18 having a second 

conductivity type (such as n-type conductivity type). Thus, the floating body 

region 24 is bounded by the top surface of the fin 52, the first and second regions 
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16, 18 the buried well layer 22, and insulating layers 26 (see Fig. 34). Insulating 

layers 26 insulate cell 150 from neighboring cells 150 when multiple cells 150 

are joined to make a memory device. Fin 52 is typically made of silicon, but 

may comprise germanium, silicon germanium, gallium arsenide, carbon 

nanotubes, or other semiconductor materials known in the art. 

[00539] Memory cell device 150 further includes gates 60 on two opposite sides 

of the floating substrate region 24 as shown in Fig. 32. Alternatively, gates 60 

can enclose three sides of the floating substrate region 24 as shown in Fig. 33. 

Gates 60 are insulated from floating body 24 by insulating layers 62. Gates 60 

are positioned between the first and second regions 16, 18, adjacent to the 

floating body 24. 

[00540] Device 150 includes several terminals: word line (WL) terminal 70, 

source line (SL) terminal 72, bit line (BL) terminal 74, buried well (B\V) 

terminal 76 and substrate terminal 78. Terminal 70 is connected to the gate 60. 

Terminal 72 is connected to first region 16 and terminal 74 is connected to 

second region 18. Alternatively, terminal 72 can be connected to second region 

18 and terminal 7 4 can be connected to first region 16. Terminal 7 6 is connected 

to buried layer 22 and terminal 78 is connected to substrate 12. 

[00541] Fig. 34 illustrates the top view of the mem01y cells 50/150 shown in 

Figs. 30 and 32. 

[00542] From the foregoing it can be seen that with the present invention, a 

semiconductor memory with electrically floating body is achieved. The present 

invention also provides the capability of maintaining memory states or parallel 

non-algorithmic periodic refresh operations. As a result, memory operations can 

be performed in an uninterrupted manner. \Vhile the foregoing written 

description of the invention enables one of ordinary skill to make and use what is 

considered presently to be the best mode thereof, those of ordinary skill will 

understand and appreciate the existence of variations, combinations, and 

equivalents of the specific embodiment, method, and examples herein. The 

invention should therefore not be limited by the above described embodiment, 

method, and examples, but by all embodiments and methods within the scope 

and spirit of the invention as claimed. 
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[00543] In a :floating body memory, the different memory states are represented 

by different levels of charge in the floating body. In "A Capacitor-less 1 T­

DRAM Cell", S. Okhonin et al., pp. 85-87, IEEE Electron Device Letters, vol. 

23, no. 2, February 2002 (''Okhonin-1 ") and "Memory Design Using One­

Transistor Gain Cell on SOI", T. Ohsawa et al., pp. 152-153, Tech. Digest, 2002 

IEEE International Solid-State Circuits Conference, February 2002) ("Ohsawa-

1 "),a single bit (two voltage levels) in a standard MOSFET is contemplated. 

Others have described using more than two voltage levels stored in the floating 

body of a standard MOSFET allowing for more than a single binary bit of 

storage in a memory cell like, for example, ''The Multi.stable Charge-Controlled 

Memory Effect in SOI Transistors at Low Temperatures", Tack et al., pp. 1373-

1382, IEEE Transactions on Electron Devices, vol. 37, May 1990 ("Tack") 

which is incorporated by reference herein in its entirely, and US 7,542,345 

"Multi-bit memory cell having electrically floating body transistor, and method 

of programming and reading same" to Okhonin, et al ("Okhonin-2"). Tack 

describes obtaining more than two states in the :floating body of a standard 

MOSFET built in SOI by manipulating the "back gate" - a conductive layer 

below the bottom oxide (BOX) of the silicon tub the MOSFET occupies. 

Okhonin-2 discloses attaining more than two voltage states in the floating body 

utilizing the intrinsic bipolar junction transistor (BIT) formed between the two 

source/drain regions of the standard MOSFET to generate read and write 

currents. 

[00544] In memory design in general, sensing and amplifying the state of a 

memory cell is an important aspect of the design. This is true as well of floating 

body DRAM memories. Different aspects and approaches to performing a read 

operation are lmown in the art like, for example, the ones disclosed in "A Design 

of a Capacitor-less 1 T-DRAM Cell Using Gate-Induced Drain Leakage (GIDL) 

Current for Low-power and High-speed Embedded Memory", Yoshida et al., pp. 

913-918, International Electron Devices Meeting, 2003 ("Yoshida") which is 

incorporated by reference herein in its entirely; in US patent 7,301,803 "Bi polar 

reading technique for a memory cell having an electrically floating body 

transistor" (''Okhonin-3 ")which is incorporated by reference herein in its 

entirely; and in "An l 8.5ns 128Mb SOI DRAM with a Floating Body Cell", 
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Ohsawa et al., pp. 458-459, 609, IEEE International Solid-State Circuits 

Conference, 2005 ("Ohsawa-2") which is incorporated by reference herein in its 

entirely. Both Yoshida and Okhonin-3 disclose a method of generating a read 

current from a standard MOSFET floating body memory cell manufactured in 

SOI-CMOS processes. Okhonin-3 describes using the intrinsic BIT transistor 

inherent in the standard MOSFET structure to generate the read current. 

Ohsawa-2 discloses a detailed sensing scheme for use with standard MOSFET 

floating body memory cells implemented in both SOI and standard bulk silicon. 

[00545] Writing a logic-0 to a floating body DRAM cell known in the art is 

straight forward. Either the source line or the bit line is pulled low enough to 

forward bias the junction with the floating body removing the hole charge, if 

any. Writing a logic-1 typically may be accomplished using either a band-to­

band tunneling method (also known as Gate Induced Drain Leakage or GIDL) or 

an impact ionization method 

[00546] In floating body DRAM cells, writing a logic-0 is straightforward 

(simply forward biasing eitherthe source or drainjunction of the standard 

MOSFET will evacuate all of the majority carriers in the floating body writing a 

logic-0) while different techniques have been explored for writing a logic-1. A 

method of writing a logic-1 through a gate induced band-to-band tunneling 

mechanism, as described for example in Yoshida. The general approach in 

Yoshida is to apply an appropriate! y negative voltage to the word line (gate) 

terminal of the memory cell while applying an appropriately positive voltage to 

the bit line terminal (drain) and grounding the source line terminal (source) of 

the selected memory cell. The negative voltage on WL terminal and the positive 

voltage on BL terminal creates a strong electric field between the drain region of 

the MOSFET transistor and the floating body region in the proximity of the gate 

(hence the "gate induced" portion of GIDL) in the selected memory cell. This 

bends the energy bands sharply upward near the gate and drain junction overlap 

region, causing electrons to tunnel from the valence band to the conduction 

band, leaving holes in the valence band. The electrons which tunnel across the 

energy band become the drain leakage current (hence the "drain leakage" portion 

of GIDL), while the holes are injected into floating body region 24 and become 

the hole charge that creates the logic-1 state. This process is well known in the 
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art and is illustrated in Yoshida (specifically Figs. 2 and 6 on page 3 and Fig. 9 

on page 4). 

[00547] A method of vvriting a logic-1 through impact ionization is described, for 

example, in "AN ew 1 T DRAM Cell with Enhanced Floating Body Effect", Lin 

and Chang, pp. 23-27, IEEE International Workshop on Memory Technology, 

Design, and Testing, 2006, ("Lin") which is incorporated in its entirety by 

reference herein. The general approach in Lin is to bias both the gate and bit line 

(drain) terminals of the memory cell to be vvritten at a positive voltage while 

grounding the source line (source). Raising the gate to a positive voltage has the 

effect ofraising the voltage potential of the floating body region due to 

capacitive coupling across the gate insulating layer. This in conjunction with the 

positive voltage on the drain terminal causes the intrinsic n-p-n bipolar transistor 

(drain (n =collector) to floating body (p =base) to source (n =emitter)) to tum 

on regardless of whether or not a logic-1 or logic-0 is stored in the memory cell. 

In particular, the voltage across the reversed biased p-njunction between the 

floating body (base) and the drain (collector) will cause a small current to flow 

across the junction. Some of the current will be in the form of hot carriers 

accelerated by the electric field across the junction. These hot carriers will 

collide with atoms in the semiconductor lattice which will generate hole-electron 

pairs in the vicinity of the junction. The electrons will be swept into the drain 

(collector) by the electric field and become bit line (collector) current, while the 

holes will be swept into the floating body region, becoming the hole charge that 

creates the logic-1 state. 

[00548] Much of the work to date has been done on SOI, which is generally more 

expensive than a bulk silicon process. Some effort has been made to reduce costs 

of manufacturing floating body DRAMs by starting with bulk silicon. An 

example of a process to selectively form buried isolation region is described in 

"Silicon on Replacement Insulator (SRI) Floating Body Cell (FBC) Memory", S. 

Kim et al., pp. 165-166, Tech Digest, Symposium on VLSI Teclmology, 2010, 

(''S _Kim") which is incorporated in its entirety by reference herein. In S _Kim 

bulk silicon transistors are formed. Then the floating bodies are isolated by 

creating a silicon-on-replacement-insulator (SRI) structure. The layer of material 

under the floating body cells is selectively etched away and replaced with 
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insulator creating an SOI type of effect. An alternate processing approach to 

selectively creating a gap and then filling it vvith an insulator is described in "A 

4-bit Double SONOS Memory (DSM) vvith 4 Storage Nodes per Cell for 

Ultimate Multi-Bit Operation", Oh et al., pp. 58-59, Tech Digest, Symposium on 

VLSI Teclmology, 2006 ("Oh") which is incorporated in its entirety by reference 

herein. 

[00549] Most work to date has involved standard lateral MOSFETs in which the 

source and drain are disposed at the surface of the semiconductor where they are 

coupled to the metal system above the semiconductor surface. A floating body 

DRAM cell using a vertical MOSFET has been described in "Vertical Double 

Gate Z-RAM teclmology vvi th remarkable low voltage operation for DRAM 

application", J. Kim et al., pp. 163-164, Symposium of VLSI Technology, 2010, 

("J _Kim") which is incorporated in its entirety by reference herein. In J _Kim, 

the floating body is bounded by a gate on two sides vvith a source region above 

and a buried drain region below. The drain is connected to a tap region, which 

allows a connection between a conductive plug at the surface to the buried drain 

reg10n. 

[00550] An alternate method of using a standard lateral MOSFET in a floating 

body DRAM cell is described in co-pending and commonly owned U.S. Patent 

Application Publication 2010/0034041 to Widjaja (''Widjaja"), which is 

incorporated in its entirety by reference herein. Widjaja describes a standard 

lateral MOSFET floating body DRAM cell realized in bulk silicon vvith a buried 

well and a substrate which forms a vertical silicon controlled rectifier (SCR) 

vvith a Pl-N2-P3-N4 formed by the substrate, the buried well, the floating body, 

and the source (or drain) region of the MOSFET respectively. This structure 

behaves like two bipolar junction transistor (BIT) devices coupled together -

one an n-p-n (N2-P3-N4) and one a p-n-p (P3-N2-Pl)- which can be 

manipulated to control the charge on the floating body region (P3). 

[00551] The construction and operation of standard MOSFET devices is well 

known in the art. An exemplary standard metal-oxide-semiconductor field effect 

transistor (MOSFET) device 100 is shown in Fig. 90A. MOSFET device 100 

consists of a substrate region of a first conductivity type 82 (shown as p-type in 

the figure), and first and second regions 84 and 86 of a second conductivity type 
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(shmvn as n-type) on the smface SS, along vvith a gate 90, separated from the 

semiconductor surface region by an insulating layer 92. Gate 90 is positioned in 

behveen the regions S4 and S6. Insulating layers 96 can be used to separate one 

transistor device from other devices on the silicon substrate S2. 

[00552] As shmvn in Fig. 90B, a standard MOSFET device lOOA may also 

consist of a well region 94A of a first conductivity type (shown as p-type in the 

figure) in a substrate region S2A of a second conductivity type (shown as n-type 

in the figure), vvith first and second regions S4A and S6A of a second 

conductivity type on the surface SSA. In addition, a gate 90A, separated from the 

surface region SSA by an insulating layer 92A, is also present in behveen the 

first and second regions S4A and S6A. Insulating layers 96A can be used to 

separate one transistor device from other devices in the well region 94A. 

MOSFET devices 100 and lOOA are both constructed in bulk silicon CMOS 

teclmology. 

[00553] As shown in Figure 90C, a standard MOS FET device 1 OOB is shown 

constructed out of silicon-on-insulator teclmology. MOSFET device lOOB 

consists of a tub region of a first conductivity type S2B (shown as p-type in the 

figure), and first and second regions S4 B and S6B of a second conductivity type 

(shown as n-type) on the surface SSE, along vvith a gate 90B, separated from the 

semiconductor surface region by an insulating layer 92B. Gate 90B is positioned 

in behveen the regions S4B and S6B. The tub region S2B is isolated from other 

devices on the sides by insulating layers 96B and on the bottom by insulating 

layer S3B. Optionally, there may be a conductive layer affixed to the bottom of 

insulating layer S3B (not shown) which may be used as a "back gate" by 

coupling through the insulating layer S3B to the tub region S2B. 

[00554] The transistors 100, lOOA, and lOOB are all called n-channel transistors 

because when turned on by applying an appropriate voltage to the gates 90, 90A 

and 90B respectively, the p-material under the gates is inverted to behave liken­

type conductivity type for as long as the gate voltage is applied. This allows 

conduction behveen the hvo n-type regions S4 and S6 in MOSFET 100, S4A and 

S6A in MOSFET lOOA and S4B and S6B in MOSFET lOOB. As is well known 

in the art, the conductivity types of all the regions may be reversed (i.e., the first 

conductivity type regions become n-type and the second conductivity type 
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regions become p-type) to produce p-channel transistors. In general, n-channel 

transistors are be preferred for use in memory cells (of all types and 

teclmologies) because of the greater mobility of the majority carrier electrons (as 

opposed to the majority carrier holes in p-channel transistors) allmving more 

read current for the same sized transistor, but p-channel transistors may be used 

as a matter of design choice. 

[00555] The invention below describes a semiconductor mem01y device having 

an electrically :floating body that utilizes a back bias region to further reduce the 

memory device size. One or more bits of binary information may be stored in a 

single memory cell. Methods of construction and of operation of the 

semiconductor device are also provided. 

[00556] This disclosure uses the standard convention that p-type and n-type 

semiconductor "diffusion" layers or regions (regardless of how formed during 

manufacture) such as transistor source, drain or source/drain regions, floating 

bodies, buried layers, wells, and the semiconductor substrate as well as related 

insulating regions behveen the diffusion regions (like, for example, silicon 

dioxide whether disposed in shallow trenches or othenvise) are typically 

considered to be "beneath" or "below" the semiconductor surface - and the 

drawing figures are generally consistent with this convention by placing the 

diffusion regions at the bottom of the drawing figures. The convention also has 

various ''interconnect" layers such as transistor gates (whether constructed of 

metal, p-type or n-type polysilicon or some other material), metal conductors in 

one or more layers, contacts behveen diffusion regions at the semiconductor 

surface and a metal layer, contacts behveen the transistor gates and a metal layer, 

vias behveen hvo metal layers, and the various insulators behveen them 

(including gate insulating layers behveen the gates and a diffusion at the 

semiconductor surface) are considered to be ''above" the semiconductor surface 

- and the drawing figures are generally consistent with this convention placing 

these features, when present, near the top of the figures. One exception worth 

noting is that gates may in some embodiments be constructed in whole or in part 

beneath the semiconductor surface. Another exception is that some insulators 

may be partially disposed both above and below the surface. Other exceptions 

are possible. Persons of ordinary skill in the art will appreciate that the 
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convention is used for ease of discussion vvith regards to the standard way of 

dravving and discussing semiconductor structures in the literature, and that a 

physical semiconductor in use in an application may be deployed at any angle or 

orientation vvithout affecting its physical or electrical properties thereby. 

[00557] The exemplary embodiments disclosed herein have at most one surface 

contact from the semiconductor region below the semiconductor surface to the 

interconnect region above the semiconductor surface vvithin the boundary of the 

memory cell itself. This is in contrast to one-transistor (1 T) :floating body cell 

(FBC) DRAMs of the prior art which have two contacts - one for the source 

region and one for the drain region of the transistor. \Vhile some 1 T FBC 

DRAM cells of the prior art can share the two contacts vvith adjacent cells 

resulting in an average of one contact per cell, some embodiments of the present 

invention can also share its contact vvith an adjacent cell averaging half a contact 

per cell. 

[00558] The advantage of the present invention is in the elimination of one of the 

source/drain regions at the surface of the semiconductor region thereby 

eliminating the need to contact it at the surface. Compare, for example, Fig 90B 

illustrating a prior art MOSFET vvith Fig. 3SC illustrating an analogous cross 

section of one embodiment of the present invention. In any processing 

teclmology, the structure of Fig. 3SC is inherently smaller than the structure of 

Fig. 90B. In some embodiments of the present invention, the gate terminal is 

removed as well further reducing the size of the memory cell. Compare, for 

example, the analogous cross sections of the structures in Figs. 77C and SSC to 

the prior art MOSFET of Fig. 90B. This new class of mem01y cell is referred to 

as a "Half Transistor Memory Cell" as a convenient shorthand for identical, 

similar or analogous structures. A structure identical, similar or analogous to the 

structure of Fig. 3SC is referred to as a ''Gated Half Transistor Memory Cell." A 

structure identical, similar or analogous to the structures of Figs. 77C and SSC is 

referred to as a "Gateless HalfTransistor Memory Cell." The vertical 

arrangement of the diffusion regions beneath the semiconductor surface common 

to all half transistor memory cells - specifically a bit line region at the surface of 

the semiconductor (allovving coupling to a bit line disposed above the 

semiconductor surface), a floating body region (for storing majority charge 

so 
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resulting from the electrons being "accepted" are the majority charge carriers. 

Similarly, when dopant atoms capable of donating another electron (known and 

"donors") are introduced into the semiconductor lattice, the donated electron 

becomes a negative charge carrier. \Vhen many such atoms are introduced, the 

conductivity type becomes n-type and the "donated" electrons are the majority 

charge carriers. 

[00562] As is well known in the art, the quantities of dopant atoms used can vazy 

widely over orders of magnitude of final concentration as a matter of design 

choice. However it is the nature of the majority carries and not their quantity that 

determines ifthe material is p-type or n-type. Sometimes in the art, heavily, 

medium, and lightly doped p-type material is designated p+, p and p­

respectively while heavily, medium, and lightly doped n-type material is 

designated n+, n and n- respectively. Unfortunately, there are no precise 

definitions of when a"+" or a"-" is an appropriate qualifier, so to avoid 

overcomplicating the disclosure the simple designations p-type and n-type 

abbreviated "p" or "n" respectively are used without qualifiers throughout this 

disclosure. Persons of ordinazy skill in the art will appreciate that there are many 

considerations that contribute to the choice of doping levels in any particular 

embodiment as a matter of design choice. 

[00563] Numerous different exemplazy embodiments are presented. In many of 

them there are common characteristics, features, modes of operation, etc. When 

like reference numbers are used in different drawing figures, they are used to 

indicate analogous, similar or identical structures to enhance the understanding 

of the present invention by clarifying the relationships between the structures 

and embodiments presented in the various diagrams - particularly in relating 

analogous, similar or identical functionality to different physical structures. 

[00564] Figs. 35A through 35E illustrate an embodiment of a gated half transistor 

FBC DRAM memory cell according to the present invention. Fig. 35A shows a 

top view of an embodiment of a partial memory array including memory cell 

250 (shown by a dotted line) and Fig. 35B shows memory cell 250 in isolation. 

Figs. 35C and 35D show the mem01y cell 250 cross sections along the 1-1' line 

and 11-11' cut lines, respectively, while Fig. 35E shows a method for electrically 

contacting the buried well and substrate layers beneath the cell. 
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[00565] Refening to Figs. 35C and 35D together, the cell 250 includes a substrate 

12 of a first conductivity type such asap-type, for example. Substrate 12 is 

typically made of silicon, but may also comprise, for example, germanium, 

silicon germanium, gallium arsenide, carbon nanotubes, or other semiconductor 

materials. In some embodiments of the invention, substrate 12 can be the bulk 

material of the semiconductor wafer. In other embodiments, substrate 12 can be 

a well of the first conductivity type embedded in either a well of the second 

conductivity type or, alternatively, in the bulk of the semiconductor wafer of the 

second conductivity type, such as n-type, for example, (not shown in the figures) 

as a matter of design choice. To simplify the description, the substrate 12 will 

usually be drawn as the semiconductor bulk material as it is in Figs. 35C and 

35D. 

[00566] A buried layer 22 of a second conductivity type such as n-type, for 

example, is provided in the substrate 12. Buried layer 22 may be formed by an 

ion implantation process on the material of substrate 12. Alternatively, buried 

layer 22 can also be grown epitaxially on top of substrate 12. 

[00567] A floating body region 24 of the first conductivity type, such asp-type, 

for example, is bounded on top by bit line region 16 and insulating layer 62, on 

the sides by insulating layers 26 and 28, and on the bottom by buried layer 22. 

Floating body 24 may be the portion of the original substrate 12 above buried 

layer 22 ifburied layer 22 is implanted. Alternatively, floating body 24 may be 

epitaxially grown. Depending on how buried layer 22 and floating body 24 are 

formed, floating body 24 may have the same doping as substrate 12 in some 

embodiments or a different doping, if desired in other embodiments, as a matter 

of design choice. 

[00568] Insulating layers 26 and 28 (like, for example, shallow trench isolation 

(STI)), may be made of silicon oxide, for example, though other insulating 

materials may be used. Insulating layers 26 and 28 insulate cell 250 from 

neighboring cells 25 0 when multiple cells 25 0 are joined in an array 280 to make 

a memory device as illustrated in Figs. 38A-38C. Insulating layer 26 insulates 

both body region 24 and buried region 22 of adjacent cells (see Fig. 35C), while 

insulating layer 28 insulates neighboring body region 24, but not the buried layer 

22, allowing the buried layer 22 to be continuous (i.e. electrically conductive) in 
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one direction (along the 11-11' direction as shmvn in Fig. 35D). This connecting 

of adjacent memory cells together through buried layer 22 forming a source line 

beneath adjacent memory cells 250 allows the elimination of a contacted 

source/drain region or an adjacent contacted plug inside the memory cell 

required in memory cells of the prior art. As can be seen in Figs. 35A and 35B, 

there is no contact to the buried layer 22 at the semiconductor surface inside the 

boundary of memory cell 250. 

[00569] A bit line region 16 having a second conductivity type, such as n-type, 

for example, is provided in floating body region 24 and is exposed at surface 14. 

Bit line region 16 is formed by an implantation process formed on the material 

making up substrate 12, according to any implantation process known and 

typically used in the art. Alternatively, a solid state diffusion process could be 

used to form bit line region 16. 

[00570] A gate 60 is positioned in between the bit line region 16 and insulating 

layer 26 and above the floating body region 24. The gate 60 is insulated from 

floating body region 24 by an insulating layer 62. Insulating layer 62 may be 

made of silicon oxide and/or other dielectric materials, including high-K 

dielectric materials, such as, but not limited to, tantalum peroxide, titanium 

oxide, zirconium oxide, hafuium oxide, and/or aluminum oxide. The gate 60 

may be made of, for example, polysilicon material or metal gate electrode, such 

as tungsten, tantalum, titanium and their nitrides. 

[00571] Cell 250 further includes word line (WL) terminal 70 electrically 

connected to gate 60, bit line (BL) terminal 7 4 electrically connected to bit line 

region 16, source line (SL) terminal 72 electrically connected to buried layer 22, 

and substrate terminal 78 electrically connected to substrate 12. 

[00572] As shown in Fig. 35E, contact between SL terminal 72 and buried layer 

22 can be made through region 20 having a second conductivity type, and which 

is electrically connected to buried well region 22, while contact between 

substrate terminal 78 and substrate region 12 can be made through region 21 

having a first conductivity type, and which is electrically connected to substrate 

region 12. 

[00573] The SL terminal 72 connected to the buried layer region 22 serves as a 

back bias terminal, i.e. a terminal at the back side of a semiconductor transistor 
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device, usually at the opposite side of the gate of the transistor coupled to the 

body or bulk of the device corresponding to region 82 in transistor 100 of Fig. 

90A or region 94A in transistor lOOA in Fig. 90B. In a floating body DRAM 

cell, a conductive coupling to the floating body would be counterproductive 

since it would cease to be a floating body with such a connection. In some 

embodiments, the p-njunction between the floating body 24 and the buried well 

22 coupled to the source line terminal 72 is fonvard biased to be conductive by 

applying a negative voltage to the source line terminal 72. In some 

embodiments, the SL terminal is biased to a positive voltage potential to 

maintain the charge in the floating body region 24. In some embodiments, the 

source line terminal 72 is used in a manner similar to the source line in floating 

body DRAM cells of the prior art. Thus in various embodiments SL terminal 72 

may be used in a manner similar to a back bias terminal, or it may be used like a 

source line, or it may be used for another purpose entirely. In some embodiments 

it may be used in two or more of these ways in different operations. Thus both 

the terms "source line terminal" and "back bias terminal" are used 

interchangeably in this specification and should be deemed equivalent. 

[00574] Comparing the structure of the memory device 250, for example, as 

shown in Fig. 35C to the structure of transistor devices 100, lOOA and lOOB in 

Figs. 90A through 90C, it can be seen that the memory device of present 

invention constitutes a smaller structure relative to the MOSFET devices 100, 

lOOA and lOOB, where only one region of a second conductivity type is present 

at the surface of the silicon substrate. Thus, memory cell 250 of the present 

invention provides an advantage that it consists of only one region of second 

conductivity at the surface (i.e. bit line region 16 as opposed to regions 84 and 

86 or regions 84A and 86A) and hence requires only one contact per mem01y 

cell 250 (i.e. to create a connection between bit line region 16 and terminal 74). 

[00575] Persons of ordinary skill in the art will appreciate that in Figs. 35A 

through 35E and that the first and second conductivity types can be reversed in 

memory cell 250as a matter of design choice and that the labeling of regions of 

the first conductivity type asp-type and the second conductivity type asp-type is 

illustrative only and not limiting in any way. Thus the first and second 

conductivity types can be p-type and n-type respectively in some embodiments 
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of memory cell 50 and be n-type and p-type respectively in other embodiments. 

Further, such skilled persons vvill realize that the relative doping levels of the 

various regions of either conductivity type vvill also vary as a matter of design 

choice, and that there is no significance to the absence of notation signifying 

higher or lower doping levels such asp+ or p- or n+ or n- in any of the diagrams. 

[00576] A method of manufacturing memory cell 250 vvill be described vvith 

reference to Figs. 36A through 36U. These 21 figures are arranged in groups of 

three related views, vvith the first figure of each group being a top view, the 

second figure of each group being a vertical cross section of the top view in the 

first figure of the group designated I-I', and the third figure of each group being 

a horizontal cross section of the top view in the first figure of the group 

designated 11-11'. Thus Figs. 36A, 36D, 3 6G, 3 6J, 36M, 3 6P and 3 6S are a series 

of top views of the memory cell 50 at various stages in the manufacturing 

process, Figs. 36B, 36E, 36H, 36K, 36N, 36Q and 36T are their respective 

vertical cross sections labeled I-I', and Figs. 36C, 36F, 36I, 36L, 360, 36R and 

36U are their respective horizontal cross sections labeled 11-11'. Identical 

reference numbers from Figs. 35A through 35E appearing in Figs. 36A through 

36U represent similar, identical or analogous structures as previously described 

in conjunction vvith the earlier dravving figures. Here ''vertical" means running 

up and down the page in the top view diagram and ''horizontal" means running 

left and right on the page in the top view diagram. In a physical embodiment of 

memory cell 50, both cross sections are vertical vvith respect to the surface of the 

semiconductor device. 

[00577] Turning now to Figs. 36A through 36C, the first steps of the process are 

seen. In an exemplary 130 nanometer (nm) process a thin silicon oxide layer 102 

vvith a thickness of about 1 OOA may be grown on the surface of substrate 12. 

This may be followed by a deposition of about 200A of polysilicon layer 104. 

This in turn may be followed by deposition of about 1200A silicon nitride layer 

106. Other process geometries like, for example, 250 nm, 180nm, 90 nm, 65 nm, 

etc., may be used. Similarly, other numbers of, thicknesses of, and combinations 

of protective layers 102, 104 and 106 may be used as a matter of design choice. 

[00578] As shown in Figs. 36D through 36F, a pattern opening the areas to 

become trench 108 may be formed using a lithography process. Then the silicon 

86 

efiling
Rectangle



WO 2011/097592 PCT /US2011/02394 7 

Atty. Docket: ZEN0-012WO 

oxide 102, polysilicon 104, silicon nitride 106 layers may be subsequently 

patterned using the lithography process and then may be etched, followed by a 

silicon etch process, creating trench 108. 

[00579] As shown in Figs. 36G through 36I, a pattern opening the areas to 

become trenches 112 may be formed using a lithography process, which may be 

followed by etching of the silicon oxide 102, polysilicon 104, silicon nitride 

layers 106, and a silicon trench etch process, creating trench 112. The trench 112 

is etched such that the trench depth is deeper than that of trench 108. In an 

exemplary 130 nm process, the trench 108 depth may be about lOOOA and the 

trench 112 depth may be about 2000A. Other process geometries like, for 

example, 250 nm, 180nm, 90 nm, 65 nm, etc., may be used. Similarly, other 

trench depths may be used as a matter of design choice. 

[00580] As shown in Figs. 36J through 36L, this may be followed by a silicon 

oxidation step, which will grow silicon oxide films in trench 108 and trench 112 

which will become insulating layers 26 and 28. In an exemplary 130 nm process, 

about 4000A silicon oxide nay be grown. A chemical mechanical polishing step 

can then be performed to polish the resulting silicon oxide films so that the 

silicon oxide layer is flat relative to the silicon surface. A silicon dry etching step 

can then be performed so that the remaining silicon oxide layer height of 

insulating layers 26 and 28 may be about 300A from the silicon surface. In other 

embodiments the top of insulating layers 26 and 28 may be flush with the silicon 

surface. The silicon nitride layer 106 and the polysilicon layer 104 may then be 

removed which may then be followed by a wet etch process to remove silicon 

oxide layer 102 (and a portion of the silicon oxide films formed in the area of 

former trench 108 and former trench 112). Other process geometries like, for 

example, 250 nm, 180nm, 90 nm, 65 nm, etc., may be used. Similarly, other 

insulating layer materials, heights, and thicknesses as well as alternate sequences 

of processing steps may be used as a matter of design choice. 

[00581] As shown in Figs. 36M through 360, an ion implantation step may then 

be performed to form the buried layer region 22 of a second conductivity (e.g. n­

type conductivity). The ion implantation energy is optimized such that the buried 

layer region 22 is formed shallower than the bottom of the insulating layer 26 

and deeper than the bottom of insulating layer 28. As a result, the insulating 
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layer 26 isolates buried layer region 22 between adjacent cells while insulating 

layer 28 does not isolate buried layer region 22 between cells. Tiris allows buried 

layer region 22 to be continuous in the direction of the 11-11' cross section. 

Buried layer 22 isolates the eventual floating body region 24 of the first 

conductivity type (e.g., p-type) from the substrate 12. 

[00582] As shown in Figs. 36P through 36R, a silicon oxide or high-dielectric 

material gate insulation layer 62 may then be formed on the silicon surface (e.g. 

about lOOA in an exemplary 130 nm process), which may then be followed by a 

polysilicon or metal gate 60 deposition (e.g. about 500A in an exemplary 130 

nm process). A lithography step may then be performed to pattern the layers 62 

and 60, which may then be followed by etching of the polysilicon and silicon 

oxide layers. Other process geometries like, for example, 250 nm, 180nm, 90 

nm, 65 nm, etc., may be used. Similarly, other gate and gate insulation materials 

with different thiclmesses may be used a matter of design choice. 

[00583] As shown in Figs. 36S through 36U, another ion implantation step may 

then be performed to form the bit line region 16 ofa second conductivity type 

(e.g. n-type conductivity). Tiris may then be followed by backend process to 

form contact and metal layers (not shown in Figs. 36A through 36U). The gate 

60 and the insulating layers 26 and 28 serve as masking layer for the 

implantation process such that regions of second conductivity are not formed 

outside bit line region 16. In this and many subsequent figures, gate layer 60 and 

gate insulating layer 62 are shown flush with the edge of insulating layer 26. In 

some embodiments, gate layer 60 and gate insulating layer 62 may overlap 

insulating layer 16 to prevent any of the implant dopant for bit line region 16 

from inadvertently implanting between gate layer 60 and gate insulating layer 62 

and the adjacent insulating layer 26. 

[00584] The states of memory cell 250 are represented by the charge in the 

floating body 24. If cell 250 is positively charged due to holes stored in the 

floating body region 24, then the memory cell will have a lower threshold 

voltage (the gate voltage where an ordinary MOSFET transistor is turned on - or 

in this case, the voltage at which an inversion layer is formed under gate 

insulating layer 62) compared to if cell 250 does not store holes in body region 

24. 
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[00585] The positive charge stored in the floating body region 24 vvill decrease 

over time due to the diode leakage current of the p-njunctions formed between 

the floating body 24 and bit line region 16 and between the floating body 24 and 

the buried layer 22 and due to charge recombination. A unique capability of the 

invention is the ability to perform the holding operation in parallel to all memory 

cells of the array. 

[00586] As shmvn in Fig. 37 A, the holding operation can be performed by 

applying a positive back bias to buried layer 22 through the SL terminal 72 while 

simultaneously grounding the bit line region 16 through the BL terminal 7 4 and 

grounding the substrate 12 through substrate terminal 78. The positive back bias 

applied to the buried layer region connected to the SL terminal vvill maintain the 

state of the memory cell 250 that it is connected to. The holding operation is 

relatively independent of the voltage applied to gate 60 through word line 

terminal 70. In some embodiments of the invention, the word line terminal may 

be grounded. Inherent in the memory cell 250 is n-p-n bipolar device 30 formed 

by buried well region 22 (the collector region), floating body 24 (the base 

region), and bit line region 16 (the emitter region). 

[00587] If floating body 24 is positively charged, a state corresponding to logic-1, 

the bipolar transistor 30 formed by bit line region 16, floating body 24, and 

buried well region 22 vvill be turned on due to an impact ionization mechanism 

like that described vvith reference to Lin cited above. In particular, the voltage 

across the reversed biased p-njunction between the :floating body 24 and the 

buried well region 22 vvill cause a small current to flow across the junction. 

Some of the current vvill be in the form of hot carriers accelerated by the electric 

field across the junction. These hot carriers vvill collide with atoms in the 

semiconductor lattice which vvill generate hole-electron pairs in the vicinity of 

the junction. The electrons vvill be swept into the buried layer region 22 by the 

electric field, while the holes vvill be swept into the :floating body region 24. 

[00588] The hole current flovving into the floating region 24 (usually referred to 

as the base current) vvill maintain the logic-1 state data. The efficiency of the 

holding operation can be enhanced by designing the bipolar device formed by 

buried well region 22, floating region 24, and bit line region 16 to be a low-gain 

bipolar device, where the bipolar gain is defined as the ratio of the collector 
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current flowing out of SL terminal 72 to the base current flowing into the 

:floating region 24. 

[00589] Fig. 37B shows the energy band diagram of the intrinsic n-p-n bipolar 

device 30 when the floating body region 24 is positively charged and a positive 

bias voltage is applied to the buried well region 22. The dashed lines indicate the 

Fermi levels in the various regions of the n-p-n transistor 30. The Fermi level is 

located in the band gap between the solid line 17 indicating the top of the 

valance band (the bottom of the band gap) and the solid line 19 indicating the 

bottom of the conduction band (the top of the band gap) as is well known in the 

art. The positive charge in the floating body region lowers the energy barrier of 

electron flow into the base region. Once injected into the floating body region 

24, the electrons will be swept into the buried well region 22 (connected to SL 

terminal 72) due to the positive bias applied to the buried well region 22. As a 

result of the positive bias, the electrons are accelerated and create additional hot 

carriers !)i.ot hole and hot electron pairs) through an impact ionization 

mechanism. The resulting hot electrons flow into the SL terminal 72 while the 

resulting hot holes will subsequently flow into the floating body region 24. This 

process restores the charge on floating body 24 and will maintain the charge 

stored in the floating body region 24 which will keep the n-p-n bipolar transistor 

30 on for as long as a positive bias is applied to the buried well region 22 

through SL terminal 72. 

[00590] If floating body 24 is neutrally charged (the voltage on :floating body 24 

being equal to the voltage on grounded bit line region 16), a state corresponding 

to logic-0, no current will flow through the n-p-n transistor 30. The bipolar 

device 30 will remain off and no impact ionization occurs. Consequently 

memory cells in the logic-0 state will remain in the logic-0 state. 

[00591] Fig. 37C shows the energy band diagram of the intrinsic n-p-n bipolar 

device 30 when the floating body region 24 is neutrally charged and a bias 

voltage is applied to the buried well region 22. In this state the energy level of 

the band gap bounded by solid lines 17 A and 19A is different in the various 

regions of n-p-n bipolar device 30. Because the potential of the floating body 

region 24 and the bit line region 16 is equal, the Fermi levels are constant, 

resulting in an energy barrier between the bit line region 16 and the floating 
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body region 24. Solid line 23 indicates, for reference purposes, the energy 

barrier behveen the bit line region 16 and the floating body region 24. The 

energy barrier prevents electron flow from the bit line region 16 (connected to 

BL terminal 7 4) to the floating body region 24. Thus the n-p-n bipolar device 30 

will remain off. 

[00592] The difference behveen an impact ionization write logic-1 operation as 

described with reference to Lin cited above and a holding operation is that 

during a holding operation the gate 60 is not biased at a higher voltage than 

normal during a holding operation. During a write logic-1 operation, the 

capacitive coupling from the gate 60 to the floating body region 24 forces then­

p-n bipolar device 30 on regardless of the data stored in the cell. By contrast, 

without the gate boost a holding operation only generates carriers through 

impact ionization when a mem01y cell stores a logic-1 and does not generate 

carries through impact ionization when a memory cell stores a logic-0. 

[00593] In the embodiment discussed in Figs. 37 A through 37C, bipolar device 

30 has been an n-p-n transistor. Persons of ordinazy skill in the art will readily 

appreciate that by reversing the first and second connectivity types and inverting 

the relative values of the applied voltages memory cell 50 could comprise a 

bipolar device 30 which is a p-n-p transistor. Thus the choice of an n-p-n 

transistor is an illustrative example for simplicity of explanation in Figs. 3 7 A 

through 37C is not limiting in any way. 

[00594] Fig. 38A shows an exemplazy array 280 of memory cells 250 (four 

exemplazy instances of memory cell 250 being labeled as 250a, 250b, 250c and 

250d) arranged in rows and columns. In many, but not all, of the figures where 

exemplazy array 280 appears, representative memory cell 250a will be 

representative of a "selected" memory cell 250 when the operation being 

described has one (or more in some embodiments) selected memory cells 250. In 

such figures, representative memory cell 250b will be representative of an 

unselected memory cell 250 sharing the same row as selected representative 

memory cell 250a, representative memory cell 250c will be representative of an 

unselected memory cell 250 sharing the same column as selected representative 

memory cell 250a, and representative memory cell 250d will be representative of 
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a memory cell 250 sharing neither a row or a column vvith selected 

representative memory cell 250a. 

[00595] Present in Fig. 38A are word lines 70a through 70n, source lines 72a 

through 72n, bit lines 74a through 74p, and substrate terminal 78. Each of the 

word lines 70a through 70n is associated vvith a single row of memory cells 250 

and is coupled to the gate 60 of each memory cell 250 in that row. Similarly, 

each of the source lines 72a through 72n is associated vvith a single row of 

memory cells 50 and is coupled to the buried well region 22 of each memory cell 

50 in that row. Each of the bit lines 74a through 74p is associated vvith a single 

column of memory cells 50 and is coupled to the bit line region 16 of each 

memory cell 50 in that column. In the holding operation described in Figs. 37 A 

through 37C, there is no individually selected mem01y cell. Rather cells are 

selected in rows by the source lines 72a through 72n and may be selected as 

individual rows, as multiple rows, or as all of the rows comprising array 280. 

[00596] Substrate 12 is present at all locations under array 280. Persons of 

ordinary skill in the art vvill appreciate that one or more substrate terminals 78 

vvill be present in one or more locations as a matter of design choice. Such 

skilled persons vvill also appreciate that while exemplary array 280 is shown as a 

single continuous array in Fig. 38A, that many other organizations and layouts 

are possible like, for example, word lines may be segmented or buffered, bit 

lines may be segmented or buffered, source lines may be segmented or buffered, 

the array 280 may be broken into two or more sub-arrays, control circuits such 

as word decoders, column decoders, segmentation devices, sense amplifiers, 

write amplifiers may be arrayed around exemplary array 280 or inserted between 

sub-arrays of array 280. Thus the exemplary embodiments, features, design 

options, etc., described are not limiting in any way. 

[00597] Turning now to Fig. 38B, array 280 previously discussed is shown along 

vvith multiplexers 40a through 40n and voltage waveforms 42a through 42n. A 

periodic pulse of positive voltage can be applied to the back bias terminals of 

memory cells 250 through SL terminal 72 as opposed to applying a constant 

positive bias to reduce the power consumption of the memory cell 250. Fig. 38B 

further shows multiplexers 40a through 40n each coupled to one of the source 

lines 72a through 72n that determine the bias voltages applied to SL terminals 

92 

efiling
Rectangle



WO 2011/097592 PCT /US2011/02394 7 

Atty. Docket: ZEN0-012WO 

72a through 72n, which will be determined by different operating modes. The 

pulsing of the voltage on the SL terminals may be controlled, for example, by 

applying pulses oflogic signals like waveforms 42a through 42n to the select 

input of multiplexers 40a through 40n thereby selecting, for example, ground 

(0.0 volts) or a power supply voltage such as V cc. Many other techniques may 

be used to pulse the voltage applied to SL terminals 72a through 72n like, for 

example, applying the waveforms 42a through 42n at different times, or 

applying them simultaneously, or coupling the select inputs of multiplexers 42a 

through 42n together and applying a single pulsed waveform to all of the 

multiplexers 42a through 42n simultaneously (not shown in the figure). Many 

other options will readily suggest themselves to persons of ordinary skill in the 

art. Thus the described exemplary embodiments are not limiting in any way. 

[00598] Fig. 38C shows another method to provide voltage pulses to SL terminals 

72a through 72n of exemplary array 280 of memory cells 250. The positive input 

signals to multiplexers 40a through 40n may be generated by voltage generator 

circuits 44a through 44n coupled to one input of each of the multiplexers 40a 

through 40n. Alternatively, a single voltage generator circuit may be coupled to 

each of the multiplexers 40a through 40n reducing the amount of overhead 

circuitry required to refresh the mem01y cells 250 of array 280. Other 

embodiments are possible including, for example, applying the waveforms 42a 

through 42n at different times, or applying them simultaneously, or coupling the 

select inputs of multiplexers 42a through 42n together and applying a single 

pulsed waveform to all of the multiplexers 42a through 42n simultaneously (not 

shown in the figure). 

[00599] Fig. 38D shows a reference generator circuit suitable for use as reference 

generator circuits 44a through 44n in Fig. 38C. The reference generator includes 

reference cell 53, which consists of a modified version of Gated half transistor 

memory cell 250 described above with region 25 of the first conductivity type 

(p-type conductivity). The p-type 25 region allows for a direct sensing of the 

floating body region 24 potential. Region 25 is drawn separately even though it 

has the same conductivity type as floating body region 24 because it may be 

doped differently to facilitate contacting it. The reference cell 53 for example 

can be configured to be in state logic-1 where the potential of the floating body 
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region 24 is positive, for example at +0.5V. The potential sensed through the p-

type region is then compared vvith a reference value VBEF, e.g. +0.5V, by 

operational amplifier 27. If the potential of the floating body region 24 is less 

than the reference value, the voltage applied to the back bias terminal 72 (which 

is connected to buried region 22 of the reference cell 53 and can also be 

connected to buried region 22 of the Gated half transistor memory cell 250) is 

increased by operational amplifier 27 until the potential of the floating body 

region 24 reaches the desired reference voltage. If the potential of the floating 

body 24 region is higher than that of the reference value, the voltage applied to 

back bias terminal 72 can be reduced by operational amplifier 27 until the 

potential of the floating body region 24 reaches the desired reference voltage. 

Reference voltage V REF may be generated in many different ways like, for 

example, using a band gap reference, a resistor string, a digital-to-analog 

converter, etc. Similarly alternate voltage generators of types lmown in the art 

maybe used 

[00600] As shown in Fig. 39, the holding/standby operation also results in a 

larger memory vvindow by increasing the amount of charge that can be stored in 

the floating body 24. Without the holding/standby operation, the maximum 

potential that can be stored in the floating body 24 is limited to the flat band 

voltage V FB as the junction leakage current from floating body 24 to bit line 

region 16 increases exponentially at floating body potential greater than VFB· 

However, by applying a positive voltage to SL terminal 72, the bipolar action 

results in a hole current flowing into the :floating body 24, compensating for the 

junction leakage current between :floating body 24 and bit line region 16. As a 

result, the maximum charge VMc stored in floating body 24 can be increased by 

applying a positive bias to the SL terminal 72 as shown in the graph in Fig. 39. 

The increase in the maximum charge stored in the floating body 24 results in a 

larger memory vvindow. 

[00601] The holding/standby operation can also be used for multi-bit operation in 

memory cell 250. To increase the memory density vvithout increasing the area 

occupied by the mem01y cell, a multi-level operation is typically used. This is 

done by dividing the overall memory window into more than two different 

levels. In one embodiment four levels representing two binary bits of data are 
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used, though many other schemes like, for example, using eight levels to 

represent three binazy bits of data are possible. In a :floating body memory, the 

different memory states are represented by different charge in the floating body 

24, as described, for example, in Tack and Oknonin-2 cited above. However, 

since the state with zero charge in the floating body 24 is the most stable state, 

the floating body 24 will over time lose its charge until it reaches the most stable 

state. In multi-level operation, the difference of charge representing different 

states is smaller than a single-level operation. As a result, a multi-level memory 

cell is more sensitive to charge loss. 

[00602] Fig. 40 shows the floating body 24 net current for different floating body 

24 potential as a function of the voltage applied to SL terminal 72 with BL, WL 

and substrate terminals 74, 70, and 78, grounded. When zero voltage is applied 

to SL terminal 72, no bi polar current is flowing into the floating body 24 and as 

a result, the stored charge will leak over time. When a positive voltage is applied 

to SL terminal 72, hole current will flow into :floating body 24 and balance the 

junction leakage current to bit line region 16. The junction leakage current is 

determined by the potential difference between the floating body 24 and bit line 

region 16, while the bipolar current flowing into floating body 24 is determined 

by both the SL terminal 72 potential and the floating body 24 potential. As 

indicated in Fig. 40, for different floating body potentials, at a certain SL 

terminal 72 potential V HOLD, the current flowing into floating body 24 is 

balanced by the junction leakage between :floating body 24 and bit line region 

16. The different floating body 24 potentials represent different charges used to 

represent different states of memory cell 50. This shows that different memory 

states can be maintained by using the holding/standby operation described here. 

[00603] In one embodiment the bias condition for the holding operation for 

memory cell 250 is: 0 volts is applied to BL terminal 7 4, a positive voltage like, 

for example,+ 1.2 volts is applied to SL terminal 72, 0 volts is applied to WL 

terminal 70, and 0 volts is applied to the substrate terminal 78. In another 

embodiment, a negative voltage may be applied to WL terminal 70. In other 

embodiments, different voltages may be applied to the various terminals of 

memory cell 250 as a matter of design choice and the exemplazy voltages 

described are not limiting in any way. 
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[00604] The read operation of the mem01y cell 250 and array 280 of memory 

cells vvill described in conjunction vvith Figs. 41and42A through 42H. Any 

sensing scheme knmvn in the art can be used vvith memory cell 250. Examples 

include, for example, the sensing schemes disclosed in Ohsawa-1 and Ohsawa-2 

cited above. 

[00605] The amount of charge stored in the floating body 24 can be sensed by 

monitoring the cell current of the memory cell 250. If memory cell 250 is in a 

logic-1 state having holes in the body region 24, then the memory cell vvill have 

a higher cell current (e.g. current flovving from the BL terminal 7 4 to SL 

terminal 72), compared to if cell 250 is in a logic-0 state having no holes in 

floating body region 24. A sensing circuit typically connected to BL terminal 7 4 

can then be used to determine the data state of the memory cell. 

[00606] A read operation may be performed by applying the follovving bias 

condition to memory cell 250: a positive voltage is applied to the selected BL 

terminal 7 4, and an even more positive voltage is applied to the selected WL 

terminal 70, zero voltage is applied to the selected SL terminal 72, and zero 

voltage is applied to the substrate terminal 78. This has the effect of operating 

bipolar device 30 as a backward n-p-n transistor in a manner analogous to that 

described for operating bipolar device 30 for a hold operation as described in 

conjunction vvith Figs. 37A through 37C. The positive voltage applied to the WL 

terminal 70 boosts the voltage on the :floating body region 24 by means of 

capacitive coupling from the gate 60 to the floating body region 24 through gate 

insulating layer 62. This has the effect of increasing the current in bipolar device 

30 when it is on significantly more than it increases the current when it is off, 

thus making it easier to sense the data stored in the memory cell 250. The 

optimal bias voltage to apply to WL terminal 70 vvill vary from embodiment to 

embodiment and process to process. The actual voltage applied in any given 

embodiment is a matter of design choice. 

[00607] Fig. 41 shows array 280 of memory cells 250 during a read operation in 

one exemplary embodiment of the present invention. Reading a memory cell 250 

in array 280 is more complicated than reading a single cell as described above, 

since cells are coupled together along rows by word lines 70a through 70n and 

source lines 72a through 72n and coupled together along columns by bit lines 
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7 4a through 7 4p. In one exemplary embodiment, about 0.0 volts is applied to the 

selected SL terminal 72a, about +0.4 volts is applied to the selected bit line 

terminal 7 4a, about+ 1.2 volts is applied to the selected word line terminal 70a, 

and about 0.0 volts is applied to substrate terminal 78. All the unselected bit line 

terminals 7 4b (not shown) through 7 4p have 0.0 volts applied, the unselected 

word line terminals 70b (not shown) through 70n have 0.0 volts applied, and the 

unselected SL terminals 72b (not shown) have+ 1.2 volts applied. Fig. 41 shows 

the bias conditions for the selected representative memory cell 250a and three 

unselected representative mem01y cells 250b, 250c, and 250d in memory array 

280, each of which has a unique bias condition. Persons of ordinary skill in the 

art will appreciate that other embodiments of the invention may employ other 

combinations of applied bias voltages as a matter of design choice. Such skilled 

persons will also realize that the first and second conductivity types may be 

reversed and the relative bias voltages may be inverted in other embodiments. 

[00608] Fig. 42A also shows the bias condition of the selected representative 

memory cell 250a in cross section while Fig. 42B shows the equivalent circuit 

diagram illustrating the intrinsic n-p-n bipolar device 30 under the read bias 

conditions described above. 

[00609] The three cases for unselected mem01y cells 250 during read operations 

are shown in Figs. 42C, 42E, and 42G, while illustrations of the equivalent 

circuit diagrams are shown in Figs. 42D, 42F, and 42H respectively. The bias 

conditions for memory cells 250 sharing the same row (e.g. representative 

memory cell 250b) and those sharing the same column (e.g., representative 

memory cell 250c) as the selected representative memory cell 250a are shown in 

Figs. 42C-42D and Figs. 42E-42F, respectively, while the bias condition for 

memory cells 250 not sharing the same row nor the same column as the selected 

representative memory cell 250a (e.g., representative memory cell 250d) is 

shown in Fig. 42G-42H. 

[0061 O] As shown in Figs. 42C and 42D, for representative memory cell 250b 

sharing the same row as the selected representative memory cell 250a, the SL 

terminal 72a is now grounded and consequently these cells will not be at the 

holding mode. However, because a read operation is accomplished much faster 

(on the order of nanoseconds) compared to the lifetime of the hole charge in the 
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floating body 24 (on the order of milliseconds), it should cause little disruptions 

to the charge stored in the :floating body. 

[00611] As shmvn in Figs. 42E and 42F, representative memory cell 250c sharing 

the same column as the selected memory cell 250a, a positive voltage is applied 

to the BL terminal 7 4a. Less base current vvill flow into the floating body 24 due 

to the smaller potential difference between SL terminal 72n and BL terminal 7 4a 

(i.e. the emitter and collector terminals of the n-p-n bipolar device 30). However, 

because read operation is accomplished much fuster (on the order of 

nanoseconds) compared to the lifetime of the charge in the floating body 24 (on 

the order of milliseconds), it should cause little disruptions to the charge stored 

in the floating body. 

[00612] As shown in Figs. 42G and 42H, representative memory cell 250d 

sharing neither the same row nor the same column as the selected representative 

memory cell 250a, the SL terminal 72n vvill remain positively charged and the 

BL terminal 7 4p will remain grounded. As can be seen, these cells vvill be in the 

holding mode, where memory cells in the logic-1 state will maintain the charge 

in floating body 24 because the intrinsic bipolar device 30 will generate hole 

current to replenish the charge in floating body 24 and memory cells in the logic-

0 state vvill remain in neutral state. 

[00613] The read operation of the memory cell 250 and array 280 of memory 

cells have been described in conjunction with Figs. 41through42H. Persons of 

ordinary skill in the art will realize that the drawing figures are not drawn to 

scale, that the various voltages described are illustrative only and will vary from 

embodiment to embodiment, that embodiments discussed have been illustrative 

only, and that many more embodiments employing the inventive principles of 

the invention are possible. For example, the two conductivity types may be 

reversed and the relative voltages of the various signals may be inverted, the 

memory array 280 may be built as a single array or broken into sub-arrays, the 

accompanying control circuits may be implemented in different ways, different 

relative or absolute voltage values may be applied to memory cell 250 or array 

280, etc. Thus the exemplary embodiments, features, bias levels, etc., described 

are not limiting in any way. 
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[00614] A first type of write logic-0 operation of an individual memory cell 250 

is now described with reference to Figs. 43A and 43B. In Fig. 43A, a negative 

voltage bias is applied to the back bias terminal (i.e. SL terminal 72), a zero 

voltage bias is applied to WL terminal 70, a zero voltage bias is applied to BL 

terminal 72 and substrate terminal 78. Under these conditions, the p-njunction 

behveen floating body 24 and buried well 22 of the selected cell 250 is forward­

biased, evacuating any holes from the floating body 24. In one particular non­

limiting embodiment, about -0.5 volts is applied to source line terminal 72, about 

0.0 volts is applied to word line terminal 70, and about 0.0 volts is applied to bit 

line terminal 74 and substrate terminal 78. These voltage levels are exemplary 

only may vary from embodiment to embodiment as a matter of design choice. 

Thus the exemplary embodiments, features, bias levels, etc., described are not 

limiting in any way. 

[00615] In Fig. 43B, an alternative embodiment of memory cell 250 is shown 

where substrate 12 is replaced by region 12A of the first conductivity type (p­

type in the figure) which is a well inside substrate 29 of the second conductivity 

type (n-type in the figure). This arrangement overcomes an undesirable side 

effect of the embodiment of Fig. 43A where lowering the buried well region 22 

voltage on buried well terminal 72 to approximately -0.5V to forward bias the p­

njunction behveen buried well 22 and floating body 24 also forward biases the 

p-njunction behveen buried well 22 and substrate 12 resulting in unwanted 

substrate current. The embodiment of Fig. 43B allows the well 12A to be 

lowered by applying the same voltage to well terminal 78 as buried layer 

terminal 72 thus preventing the p-n diode behveen those regions to forward bias. 

The substrate 29 is preferably biased to O.OV through substrate terminal 31 as 

shown in Figure 43B. These voltage levels are exemplary only may vary from 

embodiment to embodiment as a matter of design choice, Thus the exemplary 

embodiments, features, bias levels, etc., described are not limiting in any way. 

[00616] Fig. 44 shows an example of bias conditions for the selected and 

unselected memory cells 250 during the first type of write logic-0 operation (as 

described in Fig. 43A) in memory array 280. For the selected representative 

memory cells 250a and 250b, the negative bias applied to SL terminal 72a 

causes large potential difference behveen floating body 24 and buried well 
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region 22. Because the buried well 22 is shared among multiple memory cells 

250, logic-0 will be written into all memory cells 250 including memory cells 

250a and 250b sharing the same SL terminal 72a simultaneously. 

[00617] Figs. 45A through 45B illustrate an example of bias conditions and an 

equivalent circuit diagram illustrating the intrinsic n-p-n bipolar devices 30 of 

unselected memory cells 250 like representative memory cells 250c and 250d in 

array 280 during the first type oflogic-0 write operations. In particular 

representative mem01y cell 250d will be discussed for clarity of presentation 

though the principles apply to all unselected memory cells 250. Since the logic-0 

write operation only involves a negative voltage to the selected SL terminal 72a, 

the mem01y cells 250 coupled to the unselected SL terminals 72b (not shown in 

Fig. 44) through 72n are placed in a holding operation by placing a positive bias 

condition on SL terminals 72b through 72n. As can be seen in Figs. 45A and 

45B, the unselected mem01y cells will be in a holding operation, with the BL 

terminal at about 0.0 volts, WL terminal at zero voltage, and the unselected SL 

terminal positively biased. 

[00618] As shown in Fig. 46, a second type of write logic-0 operation can also be 

performed by applying a negative bias to the BL terminal 7 4 as opposed to the 

SL terminal 72. In Fig. 46, the selected memory cells 250 include representative 

memory cells 250a and 250c and all the mem01y cells 250 that share the selected 

bit line 7 4a. The SL terminal 72 will be positively biased, while zero voltage is 

applied to the substrate terminal 78, and zero voltage is applied to the WL 

terminal 70. Under these conditions, all memory cells sharing the same BL 

terminal 74 will be written to the logic-0 state. 

[00619] The first and second types of write logic-0 operations referred to above 

each has a drawback that all memory cells 250 sharing either the same SL 

terminal 72 (the first type - row write logic-0) or the same BL terminal 7 4 will 

(the second type - column write logic-0) be written to simultaneously and as a 

result, does not allow writing logic-0 to individual mem01y cells 250. To write 

arbitrazy binary data to different memory cells 250, a write logic-0 operation is 

first performed on all the mem01y cells to be written followed by one or more 

write logic-1 operations on the bits that must be written to logic-1. 
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[00620] A third type of write logic-0 operation that allows for individual bit 

writing can be performed on memory cell 250 by applying a positive voltage to 

WL terminal 70, a negative voltage to BL terminal 7 4, zero or positive voltage to 

SL terminal 72, and zero voltage to substrate terminal 78. Under these 

conditions, the :floating body 24 potential will increase through capacitive 

coupling from the positive voltage applied to the WL terminal 70. As a result of 

the floating body 24 potential increase and the negative voltage applied to the 

BL terminal 74, the p-njunction between 24 and bit line region 16 is forward­

biased, evacuating any holes from the floating body 24. 

[00621] To reduce undesired write logic-0 disturb to other memory cells 250 in 

the mem01y array 280, the applied potential can be optimized as follows: ifthe 

floating body 24 potential of state logic-1 is referred to as V FB 1, then the voltage 

applied to the WL terminal 70 is configured to increase the floating body 24 

potential by VFBi/2 while -VFBi/2 is applied to BL terminal 74. Additionally, 

either ground or a slightly positive voltage may also be applied to the BL 

terminals 74 of unselected memory cells 250 that do not share the same BL 

terminal 7 4 as the selected memory cell 250, while a negative voltage may also 

be applied to the WL terminals 70 of unselected memory cells 250 that do not 

share the same WL terminal 70 as the selected memory cell 250. 

[00622] As illustrated in Fig. 47, the following bias conditions are applied to the 

selected representative memory cell 250a in exemplary memory array 280 to 

perform an individual write logic-0 operation exclusively in representative 

memory cell 250a: a potential of about 0.0 volts to SL terminal 72a, a potential 

of about -0.2 volts to BL terminal 7 4a, a potential of about +0.5 volts is applied 

to word line terminal 70a, and about 0.0 volts is applied to substrate terminal 78. 

In the rest of array 280 about+ 1.2 volts is applied to unselected SL terminals 72 

(including SL terminal 72n), about 0.0 volts (or possibly a slightly positive 

voltage) is applied to unselected BL terminals 74 (including BL terminal 74p), 

and about 0.0 volts is applied to unselected WL terminal 70 (including WL 

terminal 70n). Persons of ordinary skill in the art will appreciate that the voltage 

levels in Fig. 47 are illustrative only and that different embodiments will have 

different voltage levels as a matter of design choice. 
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[00623] The bias conditions shmvn in Fig. 47 of the selected representative 

memory cell 250a in memory array 280 to perform the individual bit write logic-

0 operation are further illustrated in Figs. 48A and 48B. As discussed above, the 

potential difference behveen :floating body 24 and bit line region 16 connected to 

BL terminal 74a is now increased due to the capacitive coupling from raising 

WL terminal 70a from ground to +0.5V, resulting in a higher forward bias 

current than the base hole current generated by the n-p-n bipolar device 30 

formed by buried well region 22 connected to SL terminal 72a, :floating body 24, 

and bit line region 16. The result is that holes will be evacuated from floating 

body 24. 

[00624] The unselected memory cells 250 in memory array 280 under the bias 

conditions of Fig. 47 during the individual bit write logic-0 operation are shown 

in Figs. 48C through48H. The bias conditions for memory cells sharing the same 

row (e.g. representative memory cell 250b) as the selected representative 

memory cell 250a are illustrated in Figs. 48C and 48D, and the bias conditions 

for memory cells sharing the same column (e.g. representative memory cell 

250c) as the selected representative memory cell 250a are shown in Figs. 48E 

and 48F, and the bias conditions for memory cells sharing neither the same row 

nor the same column (e.g. representative memory cell 250d) as the selected 

representative memory cell 250a are shown in Figs. 48G and 48H. 

[00625] As shown in Figs. 48C and 48D, the floating body 24 potential of 

memory cell 250b sharing the same row as the selected representative memory 

cell 250a will increase due to capacitive coupling from WL terminal 70 by .6.VFB· 

For memory cells in state logic-0, the increase in the floating body 24 potential 

is not sustainable as the forward bias current of the p-n diodes formed by 

floating body 24 and junction 16 will evacuate holes from floating body 24. As a 

result, the floating body 24 potential will return to the initial state logic-0 

equilibrium potential. For memory cells in state logic-1, the :floating body 24 

potential will initially also increase by .6. V FB, which will result in holes being 

evacuated from floating body 24. After the positive bias on the WL terminal 70 

is removed, the floating body 24 potential will decrease by .6. VFB· If the initial 

floating body 24 potential of state logic-1 is referred to as V FB 1, the floating 

body 24 potential after the write logic-0 operation will become VFBi- .6.VFB· 
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Therefore, the WL potential needs to be optimized such that the decrease in 

floating body potential of memory cells 50 in state logic-1 is not too large during 

the ti.me when the positive voltage is applied to (and subsequently removed 

from) WL terminal 70a. For example, the maximum :floating body potential 

increase due to the coupling from the WL potential cannot exceed VFBi/2. Thus 

in some embodiments it may be advantageous to have a slightly positive voltage 

on unselected BL terminal 7 4p. This means that bipolar device 30 can only 

evacuate holes in reverse operation (e.g., only the p-njuncti.on between the 

floating body 24 and buried well 22 will be on enough to evacuate holes from 

the floating body region 24) which may minimize the reduction of holes in 

floating body region 24 in the logic-1 state. 

[00626] As shown in Figs. 48E and 48F, for representative memory cell 250c 

sharing the same column as the selected representative memory cell 250a, a 

negative voltage is applied to the BL terminal 7 4a, resulting in an increase in the 

potential difference between :floating body 24 and bit line region 16 connected to 

the BL terminal 7 4a. As a result, the p-n diode formed between floating body 24 

and bit line region 16 will be forward biased. For memory cells in the logic-0 

state, the increase in the floating body 24 potential will not change the initial 

state from logic-0 as there is initially no hole stored in the floating body 24. For 

memory cells in the logic-1 state, the net effect is that the floating body 24 

potential after write logic-0 operation will be reduced. Therefore, the BL 

potential also needs to be optimized such that the decrease in floating body 

potential of memory cells 250 in state logic-1 is not too large during the ti.me 

when the negative voltage is applied to BL terminal 7 4a. For example, the -

V FB 112 is applied to the BL terminal 7 4a. 

[00627] As shown in Figs. 48G and 48H, mem01y cell 250d sharing neither the 

same row nor the same column as the selected representative memory cell 250a, 

these cells will be in a holding mode as positive voltage is applied to the SL 

terminal 72n, zero voltage is applied to the BL terminal 7 4p, and zero or 

negative voltage is applied to WL terminal 70n, and zero voltage is applied to 

substrate terminal 78. 

[00628] Three different methods for performing a write logic-0 operation on 

memory cell 250 have been disclosed. Many other embodiments and component 
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organizations are possible like, for example, reversing the first and second 

conductivity types while inverting the relative voltage biases applied. An 

exemplary array 280 has been used for illustrative purposes, but many other 

possibilities are possible like, for example, applying different bias voltages to the 

various array line terminals, employing multiple arrays, performing multiple 

single bit write logic-0 operations to multiple selected bits in one or more arrays 

or by use of decoding circuits, interdigitating bits so as to conveniently write 

logic-Os to a data word followed by writing logic-ls to selected ones of those 

bits, etc. Such embodiments will readily suggest themselves to persons of 

ordinary skill in the art familiar with the teachings and illustrations herein. Thus 

the exemplary embodiments, features, bias levels, etc., described are not limiting 

many way. 

[00629] A write logic-1 operation may be performed on memory cell 250 through 

impact ionization as described, for example, with reference to Lin cited above, 

or through a band-to-band tunneling mechanism (also known as Gate Induced 

Drain Leakage or GIDL), as described, for example with reference to Yoshida 

cited above. An example of a write logic-1 operation using the GIDL method is 

described in conjunction with Figs. 49 and 50A through 50H while an example 

of a write logic-1 operation using the impact ionization method is described in 

conjunction with Figs 51 and 52A through 52H. 

[00630] In Fig. 49 an example of the bias conditions of the array 280 including 

selected representative memory cell 250a during a band-to-band tunneling write 

logic-1 operation is shown. The negative bias applied to the WL terminal 70a 

and the positive bias applied to the BL terminal 7 4a results in hole injection to 

the floating body 24 of the selected representative memory cell 250a. The SL 

terminal 72a and the substrate terminal 78 are grounded during the write logic-1 

operation. 

[00631] The negative voltage on WL terminal 70 couples the voltage potential of 

the floating body region 24 in representative memory cell 250a downward. This 

combined with the positive voltage on BL terminal 7 4a creates a strong electric 

field between the bit line region 16 and the :floating body region 24 in the 

proximity of gate 60 !)lence the "gate induced" portion of GIDL) in selected 

representative mem01y cell 250a. This bends the energy bands sharply upward 
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near the gate and drain junction overlap region, causing electrons to tunnel from 

the valence band to the conduction band, leaving holes in the valence band. The 

electrons which tunnel across the energy band become the drain leakage current 

(hence the "drain leakage" portion of GIDL), while the holes are injected into 

floating body region 24 and become the hole charge that creates the logic-1 state. 

This process is well known in the art and is illustrated in Yoshida (specifically 

Figs. 2 and 6 on page 3 and Fig. 9 on page 4) cited above. 

[00632] As shown in Figs. SOA through SOB, the following bias conditions may 

be applied to the selected representative memory cell 2SOa: a potential of about 

0.0 volts is applied to SL terminal 72a, a potential of about+ 1.2 volts is applied 

to BL terminal 7 4a, a potential of about -1.2 volts is applied to WL terminal 70a, 

and about 0.0 volts is applied to substrate terminal 78. 

[00633] Elsewhere in array 280 the following bias conditions are applied to the 

terminals for unselected mem01y cells 2SO including representative mem01y 

cells 2SOb, 2SOc and 2SOd: about+ 1.2 volts is applied to SL terminal 72n, about 

0.0 volts is applied to BL terminal 7 4p, a potential of about 0.0 volts is applied 

to WL terminal 70n, and about 0.0 volts is applied to substrate terminal 78. 

Fig. 49 shows the bias condition for the selected and unselected memory cells in 

memory array 280. However, these voltage levels may vary from embodiment to 

embodiment of the present invention and are exemplary only and are in no way 

limiting. 

[00634] The unselected memory cells during vvrite logic-1 operations are shown 

in Figs. SOC through SOH. The bias conditions for memory cells sharing the 

same row (e.g. representative memory cell 2SOb) are shown in Figs. SOC and 

SOD. The bias conditions for memory cells sharing the same column as the 

selected representative memory cell 2SOa (e.g. representative memory cell 2SOc) 

are shown in Figs. SOE and SOF. The bias conditions for memory cells 2SO not 

sharing the same row nor the same column as the selected representative 

memory cell 2SOa (e.g. representative memory cell 2SOd) are shown in Figs. 

SOG andSOH. 

[00635] As illustrated in Figs. SOC and SOD, representative memory cell 2SOb, 

sharing the same row as the selected representative memory cell 2SOa, has both 

terminals 72a and 7 4p grounded, while about -1.2 volts is applied to WL 
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terminal 70a. Because SL terminal 70a is grounded, mem01y cell 250b vvill not 

be at the holding mode since there is no voltage across between the emitter and 

collector terminals of the n-p-n bipolar device 30 turning it off However, 

because the write logic-1 operation is accomplished much faster (on the order of 

nanoseconds) compared to the lifetime of the charge in the floating body 24 (on 

the order of milliseconds), it should cause little disruption to the charge stored in 

the floating body. 

[00636] As illustrated in Figs. SOE and 50F, for representative memory cell 250c 

sharing the same column as the selected mem01y cell, a positive voltage is 

applied to the BL terminal 7 4n. No base current will flow into the floating body 

24 because there is no potential difference between SL terminal 72n and BL 

terminal 74a (i.e. there is no voltage between the emitter and collector terminals 

of the n-p-n bipolar device 30 turning it oft). However, because a write operation 

is accomplished much faster (in the order of nanoseconds) compared to the 

lifetime of the charge in the floating body 24 (in the order of milliseconds), it 

should cause little disruption to the charge stored in the floating body. 

[00637] As illustrated in Figs. SOG and 50H, for memory cell 250d sharing 

neither the same row nor the same column as the selected memory cell, the SL 

terminal 72n will remain positively charged while the gate terminal 70n and the 

BL terminal 74p remain grounded. As can be seen, these cells will be at holding 

mode. Memory cells in state logic-1 will maintain the charge in floating body 24 

because the intrinsic bipolar device 30a vvill generate holes current to replenish 

the charge in floating body 24, while memory cells in state logic-0 vvill remain in 

neutral state. 

[00638] Fig. 51 shows a write logic-1 operation using the impact ionization 

method. In this case, both the gate 60 and bit line 16 of the memory cell 250 to 

be written are biased at a positive voltage. Tiris is similar to the holding 

operation described earlier in conjunction with Figs. 37A through 38D which 

also uses impact ionization to supply hole current to the floating body 24. 

However in the holding operation, the n-p-n bipolar device 30 stays off when a 

logic-0 is stored in memory cell 250 and impact ionization current only flows 

when a logic-1 is stored in the cell restoring the charge level in the floating body 

24 to a full logic-1 level. By contrast, in the case of a write logic-1 operation 
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using impact ionization, the voltage on the gate terminal is positive rather than 

zero. The action of raising the gate 60 to a positive voltage has the effect of 

raising the voltage potential of the floating body region 24 due to capacitive 

coupling across the gate insulating layer 62 which causes the n-p-n bipolar 

transistor 30 to tum on regardless of whether or not a logic-1 or logic-0 is stored 

in memory cell 250. This causes impact ionization current to flow charging the 

floating body 24 to the logic-1 state regardless of the data originally stored in the 

cell. 

[00639] In the exemplazy embodiment shown in Fig. 51, the selected word line 

terminal 70a is biased at about+ 1.2V while the unselected word line terminals 

70b (not shown) through 70n are biased at about O.OV, the selected bit line 

terminal 7 4a is also biased at about+ 1.2V while the unselected bit line terminals 

7 4b through 7 4p are biased at about O.OV, the selected source line 72a is biased 

at about O.OV, while the unselected source line terminals 72b (not shown) 

through 72n are biased at about+ 1.2V, and the substrate terminal 78 is biased at 

about O.OV. These voltage bias levels are exemplazy only and will vazy from 

embodiment to embodiment and are thus in no way limiting. 

[00640] As shown in Figs. 52A through 52B, selected representative mem01y cell 

5 Oa is shown with gate 60 coupled to WL terminal 7 OA biased at + 1. 2V, bit line 

region 16 coupled to BL terminal 7 4a biased at+ 1.2V, and buried layer 22 

coupled to source line terminal 72a biased at O.OV. In this state, impact 

ionization current flows into the cell from BL terminal 7 4a injecting holes into 

the floating body region 24 writing a logic-1 state into representative memory 

cell 250a. 

[00641] As shown in Figs. 52C through 52D, unselected representative memory 

cell 250b, sharing a row but not a column with selected representative memory 

cell 250a, is shown with gate 60 coupled to WL terminal 70a biased at+ 1.2V, 

bit line region 16 coupled to BL terminal 74p biased at O.OV, and buried layer 22 

coupled to source line terminal 72a biased at O.OV. In this state, the collector-to­

emitter voltage of n-p-n bipolar device 30 is O.OV causing the device to be off 

protecting the contents of representative memory cell 250b. 

[00642] As shown in Figs. 52E through 52F, unselected representative memory 

cell 250c, sharing a column but not a row with selected representative memory 
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cell 250a, is shmvn vvith gate 60 coupled to WL terminal 70n biased at O.OV, bit 

line region 16 coupled to BL terminal 7 4a biased at+ 1.2V, and buried layer 22 

coupled to source line terminal 72n biased at+ 1.2V. In this state, the n-p-n 

bipolar device 30 vvill be off since there is no voltage difference behveen the 

collector and emitter terminals of n-p-n bipolar device 30. 

[00643] As shmvn in Figs. 52G through 52H, unselected representative memory 

cell 250d, sharing neither a row nor a column vvith selected representative 

memory cell 250a, is shown vvith gate 60 coupled to WL terminal 70n biased at 

O.OV, bit line region 16 coupled to BL terminal 7 4p biased at O.OV, and buried 

layer 22 coupled to source line terminal 72n biased at+ 1.2V. As can be seen, 

these cells vvill be at holding mode. Memory cells in state logic-1 vvill maintain 

the charge in floating body 24 because the intrinsic bipolar device 30a vvill 

generate holes current to replenish the charge in floating body 24, while memory 

cells in state logic-0 vvill remain in neutral state. 

[00644] Fig. 53A shows a top view of an embodiment of a partial memory array 

including Gated half transistor memory cell 350 according to the present 

invention and Fig. 53B shows memory cell 350 in isolation. Figs. 53C and 53D 

show the memory cell 350 cross sections along the 1-1' line and 11-11' cut lines, 

respectively, while Fig. 53E shows a method of contacting the buried well and 

substrate layers beneath the cells. Figs. 54A through 54H show memory array 

380 comprised of rows and columns of memory cell 350. The primary difference 

behveen memory cell 250 and memory cell 350 is that while insulating layers 26 

isolate the buried layer 22 behveen memory cells in adjacent rows in memory 

cell 250, in memory cell 350 the regions occupied by insulating layer 26 are 

replaced by insulating layer 28. Thus memory cell 350 is surrounded by 

insulating layer 28 on all four sides and the buried layer 22 is continuously 

connected as a single "source line" amongst all of the memory cells 350 in 

memory array 380. This makes for a memory array that is very similar to 

memory array 280, however some operations vvill be different as described 

below in conjunction vvith Figs. 54A through 54F. As was the case vvith memory 

cell 250 in memory cell 280, there is no contact to the buried layer 22 vvithin the 

boundary of memory cell 350. 
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[00645] Refening to Figs. 53C and 53D together, the cell 350 includes a substrate 

12 of a first conductivity type such asap-type, for example. Substrate 12 is 

typically made of silicon, but may also comprise, for example, germanium, 

silicon germanium, gallium arsenide, carbon nanotubes, or other semiconductor 

materials. In some embodiments of the invention, substrate 12 can be the bulk 

material of the semiconductor wafer. In other embodiments, substrate 12 can be 

a well of the first conductivity type embedded in either a well of the second 

conductivity type or, alternatively, in the bulk of the semiconductor wafer of the 

second conductivity type, such as n-type, for example, (not shown in the figures) 

as a matter of design choice. To simplify the description, the substrate 12 will is 

drawn as the semiconductor bulk material as it is in Figs. 53C and 53D though it 

may also be a well in a substrate of material of the second type of conductivity. 

[00646] A buried layer 22 of a second conductivity type such as n-type, for 

example, is provided in the substrate 12. Buried layer 22 may be formed by an 

ion implantation process on the material of substrate 12. Alternatively, buried 

layer 22 can also be grown epitaxially on top of substrate 12. 

[00647] A floating body region 24 of the first conductivity type, such asp-type, 

for example, is bounded on top by bit line region 16 an insulating layer 62, on 

the sides by insulating layer 28, and on the bottom by buried layer 22. Floating 

body 24 may be the portion of the original substrate 12 above buried layer 22 if 

buried layer 22 is implanted. Alternatively, floating body 24 may be epitaxially 

grown. Depending on how buried layer 22 and floating body 24 are formed, 

floating body 24 may have the same doping as substrate 12 in some 

embodiments or a different doping, if desired in other embodiments, as a matter 

of design choice. 

[00648] Insulating layers 28 (like, for example, shallow trench isolation (STI)), 

may be made of silicon oxide, for example, though other insulating materials 

may be used. Insulating layers 28 insulate cell 350 from neighboring cells 350 

when multiple cells 350 are joined in an array 380 to make a memory device as 

illustrated in Figs. 54A-54F. Insulating layer 28 insulates neighboring body 

regions 24, but not the buried layer 22, allowing the buried layer 22 to be 

continuous (i.e. electrically conductive) under the entire array 380. 

109 

efiling
Rectangle



WO 2011/097592 PCT/US2011/023947 

Atty. Docket: ZEN0-012WO 

[00649] A bit line region 16 having a second conductivity type, such as n-type, 

for example, is provided in floating body region 24 and is exposed at surface 14. 

Bit line region 16 is formed by an implantation process formed on the material 

making up substrate 12, according to any implantation process knmvn and 

typically used in the art. Alternatively, a solid state diffusion process could be 

used to form bit line region 16. 

[00650] A gate 60 is positioned in behveen the bit line region 16 and insulating 

layer 28 and above the floating body region 24. The gate 60 is insulated from 

floating body region 24 by an insulating layer 62. Insulating layer 62 may be 

made of silicon oxide and/or other dielectric materials, including high-K 

dielectric materials, such as, but not limited to, tantalum peroxide, titanium 

oxide, zirconium oxide, hafuium oxide, and/or aluminum oxide. The gate 60 

may be made of, for example, polysilicon material or metal gate electrode, such 

as tungsten, tantalum, titanium and their nitrides. 

[00651] Memory cell 350 further includes word line (WL) terminal 70 electrically 

connected to gate 60, bit line (BL) terminal 7 4 electrically coilllected to bit line 

region 16, source line (SL) terminal 72 electrically connected to buried layer 22, 

and substrate terminal 78 electrically connected to substrate 12. 

[00652] As shown in Fig. 53E, contact behveen SL terminal 72 and buried layer 

22 can be made through region 20 having a second conductivity type, and which 

is electrically connected to buried well region 22, while contact behveen 

substrate terminal 78 and substrate region 12 can be made through region 21 

having a first conductivity type, and which is electrically connected to substrate 

region 12. 

[00653] The SL terminal 72 connected to the buried layer region 22 serves as a 

back bias terminal, i.e. a terminal at the back side of a semiconductor transistor 

device, usually at the opposite side of the gate of the transistor. 

[00654] Comparing the structure of the memory device 350, for example, as 

shown in Fig. 53C to the structure of transistor devices 100, lOOA and lOOB in 

Figs. 90A through 90C, it can be seen that the memory device of present 

invention constitutes a smaller structure relative to the MOSFET devices 100, 

lOOA and lOOB, where only one region of a second conductivity type is present 

at the surface of the silicon substrate. Thus, memory cell 350 of the present 

110 

efiling
Rectangle



WO 2011/097592 PCT /US2011/02394 7 

Atty. Docket: ZEN0-012WO 

invention provides an advantage that it consists of only one region of second 

conductivity at the surface (i.e. bit line region 16 as opposed to regions 84 and 

86 or regions 84A and 86A) and hence requires only one contact per mem01y 

cell 350 (i.e. to create a connection between bit line region 16 and terminal 74). 

[00655] Persons of ordinary skill in the art vvill appreciate that in Figs. 53A 

through 53E and that the first and second conductivity types can be reversed in 

memory cell 350 as a matter of design choice and that the labeling of regions of 

the first conductivity type asp-type and the second conductivity type asp-type is 

illustrative only and not limiting in any way. Thus the first and second 

conductivity types can be p-type and n-type respectively in some embodiments 

of memory cell 350 and be n-type and p-type respectively in other embodiments. 

Further, such skilled persons will realize that the relative doping levels of the 

various regions of either conductivity type vvill also vary as a matter of design 

choice and that there is no significance to the absence of notation signifying 

higher or lower doping levels such asp+ or p- or n+ or n- in any of the diagrams. 

[00656] Fig. 54A shows an exemplary memory array 380 of memory cells 350 

(four exemplary instances of memory cell 350 being labeled as 350a, 350b, 350c 

and 350d) arranged in rows and columns. In many, but not all, of the figures 

where exemplary mem01y array 380 appears, representative memory cell 350a 

vvill be representative of a "selected" memory cell 350 when the operation being 

described has one (or more in some embodiments) selected memory cells 350. In 

such figures, representative memory cell 350b vvill be representative of an 

unselected memory cell 350 sharing the same row as selected representative 

memory cell 350a, representative memory cell 350c vvill be representative of an 

unselected memory cell 350 sharing the same column as selected representative 

memory cell 350a, and representative memory cell 350d vvill be representative of 

a memory cell 350 sharing neither a row or a column vvith selected 

representative memory cell 350a. 

[00657] Present in Fig. 54A are word lines 70a through 70n, source line terminal 

72X, bit lines 7 4a through 7 4p, and substrate terminal 78. Each of the word lines 

70a through 70n is associated vvith a single row of mem01y cells 350 and is 

coupled to the gate 60 of each memory cell 350 in that row. Each of the bit lines 

74a through 74p is associated vvith a single column of memory cells 350 and is 
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coupled to the bit line region 16 of each mem01y cell 350 in that column. It is 

noteworthy that while the source line terminal 72X is really no longer a control 

line terminal associated with the source line 72 of a row of memory cells 350 but 

a control terminal associated with all of the memory cells 350 in exemplary 

memory array 380, it will still be referred to as "source line" terminal 72X to 

minimize confusion since it still serves that function for each individual mem01y 

cell 350. 

[00658] Substrate 12 and buried layer 22 are both present at all locations under 

array 380. Persons of ordinary skill in the art will appreciate that one or more 

substrate terminals 78 and one or more buried well terminals 72 will be present 

in one or more locations as a matter of design choice. Such skilled persons will 

also appreciate that while exemplary array 380 is shown as a single continuous 

array in Fig. 54A, that many other organizations and layouts are possible like, 

for example, word lines may be segmented or buffered, bit lines may be 

segmented or buffered, source lines may be segmented or buffered, the array 380 

may be broken into two or more sub-arrays, control circuits such as word 

decoders, column decoders, segmentation devices, sense amplifiers, write 

amplifiers may be arrayed around exemplary array 380 or inserted between sub­

arrays of array 380. Thus the exemplary embodiments, features, design options, 

etc., described are not limiting in any way. 

[00659] Fig. 54B illustrates an array hold operation on exemplary memory array 

380. For all memory cells 350 in the array 380, the hold operation is performed 

simultaneous! y by applying about + 1. 2V to the source line terminal 72 while 

applying about O.OV to the word line terminals 70a through 70n, the bit line 

terminals 7 4a through 7 4p, and the substrate terminal 78. This bias condition 

causes each of the memory cells 350 in the array 380 storing a logic-1 to have its 

intrinsic bipolar transistor 30 turned on to restore the hole charge on its floating 

body 24 as discussed above. Simultaneously, this bias condition causes each of 

the mem01y cells 350 in the array 380 storing a logic-0 to have its intrinsic 

bipolar transistor 30 turned off to retain charge neutrality in its floating body 24 

as previously discussed. The voltages applied are exemplary only, may vary 

from embodiment to embodiment and are in no way limiting. 
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[00660] Fig. 54C illustrates a single cell read operation of selected representative 

memory cell 350a in exemplary memory array 350. To accomplish this, the 

selected word line terminal 70a is biased to approximately+ 1.2V while the 

unselected word line terminals 70b (not shown) through 70n are biased to about 

O.OV, the selected bit line terminal 7 4a is biased to approximately +0.4V while 

the unselected bit line terminals 74b through 74p are biased to about O.OV, the 

source line terminal 72 is biased to about O.OV, and the substrate terminal is 

biased to about O.OV. The voltages applied are exemplary only, may vary from 

embodiment to embodiment, and are in no way limiting. 

[00661] This has the effect of operating bipolar device 30 as a backward n-p-n 

transistor in a manner analogous to that described for operating bipolar device 30 

for a hold operation as described in conjunction with Figs. 3 7 A through 3 7C. 

[00662] The capacitive coupling between the word line terminal 70a and the 

floating body 24 of selected memory cell 350a increase the differentiation in the 

read current between the logic-1 and logic-0 states as previously described. The 

optimal bias voltage to apply to WL terminal 70 will vary from embodiment to 

embodiment and process to process. The actual voltage applied in any given 

embodiment is a matter of design choice. 

[00663] Unselected representative memory cell 350b, which shares a row with 

selected representative memory cell 350a, has its bipolar device 30 turned off 

because there is no voltage between the collector and emitter terminals. It retains 

its logic state during the short duration of the read operation. 

[00664] Unselected representative memory cell 350c, which shares a column with 

selected representative mem01y cell 350a, will either be off or be in a weak 

version of the holding operation depending on the device characteristics of the 

process of any particular embodiment. It also retains its logic state during the 

short duration of the read operation. 

[00665] Unselected representative mem01y cell 350d, which shares neither a row 

nor a column with selected representative memory cell 350a, has its bipolar 

device 30 turned off because there is no voltage between the collector and 

emitter terminals. It too retains its logic state during the short duration of the 

read operation. 
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[00666] Fig. 54D illustrates an array vvrite logic-0 operation of all the memory 

cells 350 in exemplary memory array 350. To accomplish this, all the word line 

terminals 70a through 70n are biased to approximately O.OV, all the bit line 

terminals 74a through 74p are biased to approximately -1.2V, the source line 

terminal 72 is biased to about O.OV, and the substrate terminal is biased to about 

O.OV. The voltages applied are exemplary only, may vary from embodiment to 

embodiment, and are in no way limiting. 

[00667] This bias condition forward biases the p-njunction between the floating 

body 24 and the bit line region 16 turning on the intrinsic bipolar device 30 in 

each of the memory cells 350 as previously described. This evacuates all of the 

holes in the floating body regions 24 vvriting a logic-0 to all of the memory cells 

350 in array 380. 

[00668] Fig. 54E illustrates a column vvrite logic-0 operation of one column of 

the mem01y cells 350 in exemplary memory array 350. To accomplish this, all 

the word line terminals 70a through 70n are biased to approximately O.OV, 

selected the bit line terminal 7 4a is biased to approximately -1. 2V while the 

unselected bit line terminals 74b through 74p are biased to about O.OV, the 

source line terminal 72 is biased to about+ 1.2V, and the substrate terminal is 

biased to about O.OV. The voltages applied are exemplary only, may vary from 

embodiment to embodiment, and are in no way limiting. 

[00669] This bias condition forward biases the p-njunction between the floating 

body 24 and the bit line region 16 turning on the intrinsic bipolar device 30 in 

each of the memory cells 350 coupled to bit line 74a, including representative 

memory cells 350a and 350c, as previously described. This evacuates all of the 

holes in the floating body regions 24 vvriting a logic-0 to all of the memory cells 

350 in the selected column. 

[00670] The remaining memory cells 350 in array 380, including representative 

memory cells 350b and 350d, are in a holding operation and will retain their 

logic state during the vvrite logic-0 operation. 

[00671] Fig. 54F illustrates a single cell vvrite logic-0 operation of selected 

representative mem01y cell 350a in exemplary memory array 350. To 

accomplish this, the selected word line terminal 70a is biased to approximately 

+0.5V while the unselected word line terminals 70b (not shown) through 70n are 
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biased to about -l .2V, the selected bit line terminal 7 4a is biased to 

approximately -0.2V while the unselected bit line terminals 7 4b through 7 4p are 

biased to about O.OV, the source line terminal 72 is biased to about O.OV, and the 

substrate terminal is biased to about O.OV. The voltages applied are exemplazy 

only, may vazy from embodiment to embodiment, and are in no way limiting. 

[00672] This bias condition forward biases the p-njunction between the floating 

body 24 and the bit line region 16 turning on the intrinsic bipolar device 30 in 

selected representative memory cell 350a. The capacitive coupling between the 

word line terminal 70a and the floating body 24 of selected memory cell 350a 

causes bipolar device 30 to turn on evacuating the holes in floating body region 

24 as previously described. 

[00673] Unselected representative memory cell 350b, which shares a row with 

selected representative memory cell 350a, has its bipolar device 30 turned off 

because there is no voltage between the collector and emitter terminals. It retains 

its logic state during the short duration of the read operation. 

[00674] Unselected representative memory cell 350c, which shares a column with 

selected representative memory cell 350a, has the voltage potential of its floating 

body temporarily lowered because the negative capacitive coupling between its 

floating body 24 its gate 60 (coupled to word line terminal 70n) preventing its 

bipolar device 30 from turning on. It also retains its logic state during the short 

duration of the read operation, and the voltage potential ofits floating body 24 is 

restored to its previous level by the positive coupling between its floating body 

24 its gate 60 (coupled to word line terminal 70n) when the word line terminal is 

returned to its nominal value of about O.OV after the operation is complete. 

[00675] Unselected representative mem01y cell 350d, which shares neither a row 

nor a column with selected representative memory cell 350a, has its bipolar 

device 30 turned off because there is no voltage between the collector and 

emitter terminals. It too retains its logic state during the short duration of the 

read operation. 

[00676] Fig. 54G illustrates a single cell write logic-1 operation using a GIDL 

mechanism in selected representative memory cell 350a in exemplazy memory 

array 350. To accomplish this, the selected word line terminal 70a is biased to 

approximately -1.2V while the unselected word line terminals 70b (not shown) 
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through 70n are biased to about O.OV, the selected bit line terminal 7 4a is biased 

to approximately+ 1.2V while the unselected bit line terminals 74b through 74p 

are biased to about O.OV, the source line terminal 72 is biased to about O.OV, and 

the substrate terminal is biased to about O.OV. The voltages applied are 

exemplary only, may vary from embodiment to embodiment, and are in no way 

limiting. 

[00677] This bias condition causes selected representative memory cell 350a to 

conduct current due to the GIDL mechanism discussed with reference to 

Yoshida cited above. The combination of -1.2V on word line terminal and+ 1.2V 

on bit line terminal 7 4a creates the strong electric field necessary to produce 

GIDL current from bit line 7 4a into representative mem01y cell 350a generating 

sufficient hole charge in its :floating body 24 to place it in the logic-1 state. 

[00678] Unselected representative memory cell 350b, which shares a row with 

selected representative memory cell 350a, has its bipolar device 30 turned off 

because there is no voltage between the collector and emitter terminals. It retains 

its logic state during the short duration of the read operation. 

[00679] Unselected representative memory cell 350c, which shares a column with 

selected representative memory cell 350a, is in the holding state. It also retains 

its logic state during the short duration of the write logic-1 operation. 

[00680] Unselected representative mem01y cell 350d, which shares neither a row 

nor a column with selected representative memory cell 350a, has its bipolar 

device 30 turned off because there is no voltage between the collector and 

emitter terminals. It too retains its logic state during the short duration of the 

read operation. 

[00681] Fig. 54H illustrates a single cell write logic-1 operation using an impact 

ionization mechanism in selected representative memory cell 350a in exemplary 

memory array 350. To accomplish this, the selected word line terminal 70a is 

biased to approximately+ 1.2V while the unselected word line terminals 70b (not 

shown) through 70n are biased to about O.OV, the selected bit line terminal 7 4a is 

biased to approximately+ 1.2V while the unselected bit line terminals 7 4b 

through 74p are biased to about O.OV, the source line terminal 72 is biased to 

about O.OV, and the substrate terminal is biased to about O.OV. The voltages 
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applied are exemplary only, may vary from embodiment to embodiment, and are 

in no way limiting. 

[00682] Tiris bias condition causes selected representative memory cell 350a to 

conduct current due to the impact ionization mechanism discussed with 

reference to Lin cited above. The combination of+ 1.2V on word line terminal 

and+ 1.2V on bit line terminal 7 4a turns on the bipolar device 30 in 

representative memory cell 350a regardless of its prior logic state and generating 

sufficient hole charge in its floating body 24 to place it in the logic-1 state. 

[00683] Unselected representative memory cell 350b, which shares a row with 

selected representative memory cell 350a, has its bipolar device 30 turned off 

because there is no voltage between the collector and emitter terminals. It retains 

its logic state during the short duration of the read operation. 

[00684] Unselected representative memory cell 350c, which shares a column with 

selected representative memory cell 350a, is in the holding state. It also retains 

its logic state during the short duration of the write logic-1 operation. 

[00685] Unselected representative mem01y cell 350d, which shares neither a row 

nor a column with selected representative memory cell 350a, has its bipolar 

device 30 turned off because there is no voltage between the collector and 

emitter terminals. It too retains its logic state during the short duration of the 

read operation. 

[00686] In the previous embodiments, a single binary bit has been written to, read 

from, and maintained in a single memory cell 250 or 350. \Vhile this approach 

makes for the simplest support circuitry, the simplest operating methods, and the 

largest noise margins, greater memory density may be achieved by storing two 

or more bits per memory cell 250 or 350 at the cost of increasing the complexity 

of the support circuitry and operating methods. Additionally, the noise margin is 

also reduced because the voltage window inside mem01y cell 250 or 350 is 

shared by more than two logic levels. 

[00687] Preferably the information stored in memory cell 250 or 350 corresponds 

to an integer number of binary bits, meaning that the number of voltage levels 

stored in memory cell 50 or 350 will be equal to a power of two (e.g., 2, 4, 8, 16, 

etc.), though other schemes are possible within the scope of the invention. Due 

to the lower noise margins, it may be desirable to encode the data in memory 
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array 80 or 380 using any error correction code (ECC) knmvn in the art. In order 

to make the ECC more robust, the voltage levels inside may be encoded in a 

non-binary order like, for example, using a gray code to assign binazy values to 

the voltage levels. In the case of gray coding, only one bit changes in the binazy 

code for a single level increase or decrease in the voltage level. Thus for an 

example a two bit gray encoding, the lowest voltage level corresponding to the 

floating body region 24 voltage being neutral might be encoded as logic-00, the 

next higher voltage level being encoded as logic-01, the next higher voltage 

level after that being encoded as logic-11, and the highest voltage level 

corresponding to the maximum voltage level on floating body region 24 being 

encoded as logic-10. In an exemplazy three bit gray encoding, the logic levels 

from lowest to highest might be ordered logic-000, logic-001, logic-011, logic-

010, logic-110, logic-111, logic-101, and logic-100. Since the most likely 

reading error is to mistake one voltage level for one of the two immediately 

adjacent voltage levels, this sort of encoding ensures that a single level reading 

error will produce at most a single bit correction per error minimizing the 

number of bits needing correction for any single error in a single cell. Other 

encodings may be used, and this example is in no way limiting. 

[00688] A multi-level vvrite operation can be performed using an alternating vvrite 

and verify algorithm, where a vvrite pulse is first applied to the memory cell 250 

or 350, followed by a read operation to verify if the desired memory state has 

been achieved. If the desired memory state has not been achieved, another vvrite 

pulse is applied to the memory cell 250 or 350, followed by another read 

verification operation. This loop is repeated until the desired memory state is 

achieved. 

[00689] For example, using band-to-band hot hole injection to vvrite memory cell 

250 or 350, initially zero voltage is applied to BL terminal 7 4, zero voltage is 

applied to SL terminal 72, a negative voltage is applied to WL terminal 70, and 

zero voltage is applied to the substrate terminal 78. Then positive voltages of 

different amplitudes are applied to BL terminal 7 4 to vvrite different states to 

floating body 24. This results in different floating body potentials 24 

corresponding to the different positive voltages or the number of positive voltage 

pulses that have been applied to BL terminal 7 4. Nate that memory cell 250 or 
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3SO must be written to the lowest voltage state on floating body region 24 prior 

to executing this algorithm. 

[00690] In one particular non-limiting embodiment, the write operation is 

performed by applying the following bias condition: a potential of about 0.0 

volts is applied to SL terminal 72, a potential of about -1.2 volts is applied to 

WL terminal 70, and about 0.0 volts is applied to substrate terminal 78, while the 

potential applied to BL terminal 7 4 is incrementally raised. For example, in one 

non-limiting embodiment, 2S millivolts is initially applied to BL terminal 7 4, 

followed by a read verify operation. If the read verify operation indicates that the 

cell current has reached the desired state (i.e. cell current corresponding to 

whichever binary value ofOO, 01, 11 or 10 is desired is achieved), then the 

multi-level write operation is successfully concluded. If the desired state is not 

achieved, then the voltage applied to BL terminal 7 4 is raised, for example, by 

another 2S millivolts, to SO millivolts. Tiris is subsequently followed by another 

read verify operation, and this process iterates until the desired state is achieved. 

However, the voltage levels described may vary from embodiment to 

embodiment and the above voltage levels are exemplary only and in no way 

limiting. To write four levels to the memory cells, at least three different 

positive voltage pulses (which may comprise of different amplitudes) to the BL 

terminal 7 4 are required. The first pulse corresponds to writing the memory cell 

to the level associated with the binary value ofOl, the second pulse corresponds 

to writing the memory cell to the level associated with the binary value of 11, 

and the third pulse corresponds to writing the memory cell to the level associated 

with the binary value of 10. 

[00691] The write-then-verify algorithm is inherently slow since it requires 

multiple write and read operations. The present invention provides a multi-level 

write operation that can be performed without alternate write and read operations 

as described in Figs. SSA through SSF with respect to exemplary memory array 

280. Persons of ordinary skill in the art will appreciate that the principles 

described will apply to all of the Half Transistor memory cells within the scope 

of the present invention. 

[00692] As shown in Fig. SSA, the potential of the floating body 24 increases 

over time as a result of hole injection to :floating body 24, for example through 
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an impact ionization mechanism. Once the change in cell current reaches the 

level associated vvith the desired state of the selected representative memory cell 

2SO, the voltage applied to BL terminal 7 4 can be removed. In this manner, the 

multi-level write operation can be performed vvithout alternate write and read 

operations by applying a voltage ramp of the correct duration. After the end of 

the pulse time, the applied voltage returns to the starting value like, for example, 

ground. Thus as shown in Fig. SSA, a voltage ramp of pulse vvidth Tl applied to 

the bit line terminal 74 of mem01y cell 2SO in the lowest (logic-00 state) 

potential state vvill increase the potential of the floating body 24 from the logic-

00 level to the logic-01 level. Similarly, a voltage ramp of pulse width T2 

applied to the bit line terminal 7 4 of memory cell 2SO in the lowest (logic-00 

state) potential state vvill increase the potential of the floating body 24 from the 

logic-00 level to the logic-11 level, and a voltage ramp of pulse width T3 applied 

to the bit line terminal 74 of memory cell 2SO in the lowest (logic-00 state) 

potential state vvill increase the potential of the floating body 24 from the logic-

00 level to the logic-10 level. 

[00693] In Fig. SSB this is accomplished in selected representative memory cell 

2SOa by ramping the voltage applied to BL terminal 7 4a, while applying zero 

voltage to SL terminal 72a, a positive voltage to WL terminal 70, and zero 

voltage to substrate terminal 78 of the selected memory cells. These bias 

conditions vvill result in a hole injection to the floating body 24 through an 

impact ionization mechanism. The state of the memory cell 2SOa can be 

simultaneously read for example by monitoring the change in the cell current 

through read circuitry 91a coupled to the source line 72a. 

[00694] In the rest of array 280, zero voltage is applied to the unselected WL 

terminals 70b (not shown) through 70n, zero voltage is applied to the unselected 

SL terminals 72b (not shown) through 72n, and zero voltage is applied to the 

unselected BL terminals 7 4b through 7 4p. The cell current measured in the 

source line direction is the total cell current of all memory cells 2SO which share 

the same source line 72a, but all of the unselected cells like representative 

memory cell SOb are biased vvith zero voltage across them from their bit line 

region 16 to their source line region 22 and do not conduct current as long as the 

source line terminal 72a is correctly biased to maintain zero volts. As a result, 
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only one selected memory cell SOa sharing the same source line 72 can be 

written at a ti.me. 

[00695] In Fig. SSB, the unselected representative memory cell 2SOb has zero 

volts behveen the BL terminal 74p and the SL terminal 72a so no current flows 

and the state of the data stored in them will not change. Unselected 

representative mem01y cell 2SOc sharing BL terminal 74a with selected 

representative mem01y cell 2SOa has its WL terminal grounded. Thus its floating 

body region 24 does not get the voltage coupling boost that the floating body 

region 24 in selected representative mem01y cell 2SOa gets. A positive bias is 

also applied to the unselected SL terminal 72n. This condition substantially 

reduces the current in representative memory cell 2SOc which reduces the degree 

of hole charge its :floating body region 24 receives as the voltage applied to BL 

terminal 7 4a is ramped up. Unselected representative memory cell 2SOd, sharing 

neither a row nor a column with selected representative mem01y cell 2SOa, is 

shown with gate 60 coupled to WL terminal 70n biased at O.OV, bit line region 

16 coupled to BL terminal 74p biased at O.OV, and buried layer 22 coupled to 

source line terminal 72n biased at+ 1.2V. As can be seen, these cells will be at 

holding mode. Memory cells in state logic-1 will maintain the charge in floating 

body 24 because the intrinsic bipolar device 30a will generate holes current to 

replenish the charge in floating body 24, while memory cells in state logic-0 will 

remain in neutral state. 

[00696] Fig. SSB also shows reference generator circuits 93a through 93n 

coupled respectively to source line terminals 72a through 72n and read circuits 

91a through 91n coupled respectively to source line terminals 72a through 72n 

and coupled respectively to reference generator circuit 93a through 93n. 

Reference generator circuit 93a serves to store the initial total cell current of 

selected representative memory cell 2SOa and provide this value to read circuit 

91 a during the write operation in real ti.me so that the change in current can be 

monitored and feedback (not shown in Fig. SSB) can be used to shut off the 

voltage ramp at the appropriate ti.me. This function can be implemented in a 

variety of ways. 

[00697] In Fig. SSC, for example, the cumulative charge of the initial state for 

selected mem01y cell 2SOa sharing the same source line 72a can be stored in a 
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capacitor 97a. Transistor 9Sa is turned on when charge is to be written into or 

read from capacitor 94. 

[00698] Alternatively, as shown in Fig. SSD, reference cells 2SORa through 

2SORn similar to a memory cell 2SO replace capacitors 97a through 97n in 

reference generator circuits 93a through 93n. The reference cells 2SORa through 

2SORn can also be used to store the initial state of selected representative 

memory cell 2SOa. 

[00699] In a similar manner, a multi-level write operation using an impact 

ionization mechanism can be performed by ramping the write current applied to 

BL terminal 7 4 instead of ramping the BL terminal 7 4 voltage. 

[00700] In another embodiment, a multi-level write operation can be performed 

on memory cell 2SO through a band-to-band tunneling mechanism by ramping 

the voltage applied to BL terminal 7 4, while applying zero voltage to SL 

terminal 72, a negative voltage to WL terminal 70, and zero voltage to substrate 

terminal 78 of the selected memory cells 2SO. The unselected mem01y cells 2SO 

will remain in holding mode, with zero or negative voltage applied to WL 

terminal 70, zero voltage applied to BL terminal 7 4, and a positive voltage 

applied to SL terminal 72. Optionally, multiple BL terminals 7 4 can be 

simultaneously selected to write multiple cells in parallel. The potential of the 

floating body 24 of the selected memory cell(s) 2SO will increase as a result of 

the band-to-band tunneling mechanism. The state of the selected memory cell(s) 

2SO can be simultaneously read for example by monitoring the change in the cell 

current through a read circuit 91 coupled to the source line. Once the change in 

the cell current reaches the desired level associated with a state of the mem01y 

cell, the voltage applied to BL terminal 7 4 can be removed. In this manner, the 

multi-level write operation can be performed without alternate write and read 

operations. 

[00701] Similarly, the multi-level write operation using band-to-band tunneling 

mechanism can also be performed by ramping the write current applied to BL 

terminal 7 4 instead of ramping the voltage applied to BL terminal 7 4. 

[00702] In another embodiment, as shown in Fig. SSE, a read while writing 

operation can be performed by monitoring the change in cell current in the bit 

line direction through a reading circuit 99a coupled to the bit line 7 4a. In some 
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embodiments a reading circuit 99b through 99p (not shmvn in Fig. SSE) may be 

coupled to each bit of the other bit lines 7 4b through 7 4p, while in other 

embodiments reading circuit 99a may be shared between multiple columns using 

a decoding scheme (not shown). 

[00703] Reference cells 2SOR representing different memory states are used to 

verify the state of the write operation. The reference cells 2SOR can be 

configured through a write-then-verify operation, for example, when the 

memory device is first powered up or during subsequent refresh periods. Thus 

while selected representative memory cell 2SOa is being written, selected 

reference cell 2SOR containing the desired voltage state (or a similar voltage) to 

be written is read and the value is used to provide feedback to read circuit so that 

the write operation may be terminated when the desired voltage level in selected 

representative memory cell 2SOa is reached. In some embodiments, multiple 

columns of reference cells containing different reference values corresponding to 

the different multilevel cell write values may be present (not shown in Fig. SSE). 

[00704] In the voltage ramp operation, the resulting cell current of the 

representative memory cell 2SOa being written is compared to the reference cell 

2SOR current by means of the read circuitry 99a. During this read while writing 

operation, the reference cell 2SOR is also being biased at the same bias 

conditions applied to the selected memory cell 2SO during the write operation. 

Therefore, the write operation needs to be ceased after the desired memory state 

is achieved to prevent altering the state of the reference cell 2SOR. 

[00705] As shown in Fig SSF, for the current ramp operation, the voltage at the 

bit line 7 4a can be sensed instead of the cell current. In the current ramp 

operation, a positive bias is applied to the source line terminal 72a and current is 

forced through the BL terminal 74a. The voltage of the BL terminal 74a will 

reflect the state of the memory cell 2SOa. Initially, when memory cell 2SOa is in 

logic-0 state, a large voltage drop is observed across the memory cell 2SOa and 

the voltage of the BL terminal 74a will be low. As the current flow through the 

memory cell 2SOa increases, hole injection will increase, resulting memory cell 

2SOa to be in logic-1 state. At the conclusion of the logic-1 state write operation, 

the voltage drop across the memory cell 2SOa will decrease and an increase in 

the potential of BL terminal 74a will be observed. 
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[00706] An example of a multi-level vvrite operation vvithout alternate read and 

vvrite operations, using a read while programming operation/scheme in the bit 

line direction is given, where hvo bits are stored per memory cell 250, requiring 

four states to be storable in each mem01y cell 250. 

[00707] With increasing charge in the floating body 24, the four states are 

referred to as states ''00", "O 1 ", "10", and "11 ". To program a memory cell 250a 

to a state ''() 1 ", the reference cell 25 0 R corresponding to state ''() 1" is activated. 

Subsequently, the bias conditions described above are applied both to the 

selected mem01y cell 250 and to the ''01" reference cell 250R: zero voltage is 

applied to the source line terminal 72, zero voltage is applied to the substrate 

terminal 78, a positive voltage is applied to the WL terminal 70 (for the impact 

ionization mechanism), while the BL terminal 74 is being ramped up, starting 

from zero voltage. Starting the ramp voltage from a low voltage (i.e. zero volts) 

ensures that the state of the reference cell 250R does not change. 

[00708] The voltage applied to the BL terminal 7 4a is then increased. 

Consequently, holes are injected into the floating body 24 of the selected cell 50 

and subsequently the cell current of the selected cell 250 increases. Once the cell 

current of the selected cell 250 reaches that of the ''01" reference cell, the vvrite 

operation is stopped by removing the positive voltage applied to the BL terminal 

74 and WL terminal 70. 

[00709] Unselected representative memory cell 250b, which shares a row vvith 

selected representative memory cell 250a, has its bipolar device 30 turned off 

because there is no voltage behveen the collector and emitter terminals. It retains 

its logic state during the short duration of the multi-level vvrite operation. 

[00710] Unselected representative memory cell 250c, which shares a column vvith 

selected representative memory cell 250a, is in the holding state. Less base 

current will flow into the floating body 24 due to the smaller potential difference 

behveen SL terminal 72n and BL terminal 74a (i.e. the emitter and collector 

terminals of the n-p-n bipolar device 30). It also retains its logic state during the 

short duration of the multi-level vvrite operation. 

[00711] Unselected representative mem01y cell 250d, which shares neither a row 

nor a column vvith selected representative memory cell 250a, is in the holding 
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state. It too retains its logic state during the short duration of the multi-level 

write operation. 

[00712] It is noteworthy that the holding operation for memory cell 250 in 

multistate mode is self-selecting. In other words, the quantity ofholes injected 

into the floating body 24 is proportional to the quantity ofholes (i.e., the charge) 

already present on the floating body 24. Thus each mem01y cell selects its own 

correct degree of holding current. 

[00713] Figs. 56 and 57 show gated half transistor memory cell 250V with Fig. 

57 showing the top view of the memory cell 250V shown in Fig. 56. Referring 

now to both Figs. 56 and 57, reference numbers previously referred to in earlier 

drawing figures have the same, similar, or analogous functions as in the earlier 

described embodiments. Memory cell 250V has a fin structure 52 fabricated on 

substrate 12, so as to extend from the surface of the substrate to form a three­

dimensional structure, with fin 52 extending substantially perpendicular to and 

above the top surface of the substrate 12. Fin structure 52 is conductive and is 

built on buried well layer 22 which is itself built on top of substrate 12. 

Alternatively, buried well 22 could be a diffusion inside substrate 12 with the 

rest of the fin 52 constructed above it, or buried well 22 could be a conductive 

layer on top of substrate 12 coJlllected to all the other fin 52 structures in a 

maJlller similar to memory cell 350 described above. Fin 52 is typically made of 

silicon, but may comprise germanium, silicon germanium, gallium arsenide, 

carbon nanotubes, or other semiconductor materials known in the art. 

[00714] Buried well layer 22 may be formed by an ion implantation process on 

the material of substrate 12 which may be followed by an etch so that buried 

well 22 is above the portion of substrate 12 remaining after the etch. 

Alternatively, buried well layer 22 may be grown epitaxially above substrate 22 

and the unwanted portions may then be etched away .. Buried well layer 22, 

which has a second conductivity type (such as n-type conductivity type), 

insulates the floating body region 24, which has a first conductivity type (such as 

p-type conductivity type), from the bulk substrate 12 also of the first 

conductivity type. Fin structure 52 includes bit line region 16 having a second 

conductivity type (such as n-type conductivity type). Memory cell 250V further 

includes gates 60 on two opposite sides of the floating substrate region 24 
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insulated from floating body 24 by insulating layers 62. Gates 60 are insulated 

from floating body 24 by insulating layers 62. Gates 60 are positioned between 

the bit line region 16 and the insulating layer 28, adjacent to the floating body 

24. 

[00715] Thus, the floating body region 24 is bounded by the top smface of the fin 

52, the facing side and bottom ofbit line region 16, top of the buried well layer 

22, and insulating layers 26, 28 and 62. Insulating layers 26 and 28 insulate cell 

250V from neighboring cells 250V when multiple cells 250V are joined to make 

a memory array. Insulating layer 26 insulates adjacent buried layer wells 22, 

while insulating layer 28 does not. Thus the buried layer 22 is therefore 

continuous (i.e. electrically conductive) in one direction. In this embodiment, the 

surface 14 of the semiconductor is at the level of the top of the fin structure. As 

in other embodiments, there is no contact to the buried layer 22 at the 

semiconductor surface 14 inside the boundary of memory cell 250V. 

[00716] As shown in Fig. SSA, an alternate fin structure 52A can be constructed. 

In this embodiment, gates 60 and insulating layers 62 can enclose three sides of 

the floating substrate region 24. The presence of the gate 60 on three sides 

allows better control of the charge in floating body region 24. 

[00717] Memory cell 250V can be used to replace mem01y cell 250 in an array 

similar to array 280 having similar connectivity between the cells and the array 

control signal terminals. In such a case, the hold, read and write operations are 

similar to those in the lateral device embodiments described earlier for memory 

cell 250 in array 280. As with the other embodiments, the first and second 

conductivity types can be reversed as a matter of design choice. As with the 

other embodiments, many other variations and combinations of elements are 

possible, and the examples described in no way limit the present invention. 

[00718] Figure 58B shows an array 280V of memory cells 250V. Due the nature 

of fin structure 52A, the most compact layout will typically be with the word 

lines 70 rumring perpendicular to the source lines 72, instead ofin parallel as in 

memory array 280 discussed above. This leads to the structure of array 580 

where the cell 250V is constructed using fin structure 52A and the source lines 

72a through 72p run parallel to the bit lines 7 4a through 7 4p and orthogonal to 

the word lines 70a through 70m. The operation of memory array 280V is 
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described in commonly assigned U.S patent application entitled ''COMPACT 

SEMICONDUCTOR MEMORY DEVICE HAVING REDUCED NUMBER 

OF CONTACTS, METHODS OF OPERATING AND METHODS OF 

MAKING,'' Attorney Docket No. Zeno-014, serial number 12/897,528, filed on 

Oct 4, 2010 and incorporated by reference above. 

[ 00719] Fig. 5 9 A shows another embodiment of a gated half transistor mem01y 

cell 450 (denoted by a dotted line) according to the present invention. Fig. 59B 

shows a smaller portion of Fig. 59A comprising a single mem01y cell 450 with 

two cross section lines I-I' and 11-11'. Fig. 23C shows the cross section 

designated I-I' in Fig. 59B. Fig. 59D shows the cross section designated 11-11' in 

Fig. 59B. Present in Figs. 59A through 59F are substrate 12, semiconductor 

surface 14, bit line region 16, buried well layer 22, :floating body region 24, 

insulating layers 26 and 28, gate 60, gate insulator 62, word line terminal 70, 

buried well terminal 72, bit line terminal 7 4 and substrate terminal 78, all of 

which perform similar functions in the exemplary embodiments of memory cell 

450 as they did in the exemplary embodiments of memory cell 250 described 

above. 

[00720] Referring now to Figs. 59A, 59B, 59C and 59D, the cell 450 includes a 

substrate 12 of a first conductivity type, such as a p-type conductivity type, for 

example. Substrate 12 is typically made of silicon, but may comprise 

germanium, silicon germanium, gallium arsenide, carbon nanotubes, or other 

semiconductor materials known in the art. A buried layer 22 of the second 

conductivity type is provided in the substrate 12. Buried layer 22 is also formed 

by an ion implantation process on the material of substrate 12. Alternatively, 

buried layer 22 can also be grown epitaxially. 

[00721] A bit line region 16 having a second conductivity type, such as n-type, 

for example, is provided in :floating body 24 and is exposed at surface 14. Bit 

line region 16 is formed by an implantation process formed on the material 

making up :floating body 24, according to any of implantation processes lmown 

and typically used in the art. Alternatively, a solid state diffusion process could 

be used to form bit line region 16. 

[00722] A :floating body region 24 of the substrate 12 is bounded by surface 14, 

bit line region 16, insulating layers 26 and 28 and buried layer 22. Insulating 
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layers 26 and 28 (e.g., shallow trench isolation (STI)), may be made of silicon 

oxide, for example. Insulating layers 26 and 28 insulate cell 450 from 

neighboring cells 450 when multiple cells 450 are joined in an array 180 to make 

a memory device as illustrated in Fig. 61A. Insulating layer 26 insulates both 

neighboring body regions 24 and buried regions 22 of adjacent cells memory 

cells 450A, 450, and 450B, while insulating layer 28 insulates neighboring body 

regions 24, but not neighboring buried layer regions 22, allowing the buried 

layer 22 to be continuous (i.e. electrically conductive) in one direction in parallel 

with the 11-11' cut line as shown in Figs. 59B and 59D. As in other embodiments, 

there is no contact to the buried layer 22 at the semiconductor surface 14 inside 

the boundary of memory cell 450. 

[00723] A gate 60 is positioned in between bit line regions 16 of neighboring 

cells 450 and 450A and above the surface 14, the floating body regions 24, and 

one of the adjacent insulating layers 26 as shown in Fig. 59C. In this 

arrangement, the gate terminal 70 is coupled to the gates 60 of both mem01y 

cells 450 and 450A. The gate 60 is insulated from surface 14 by an insulating 

layer 62. Insulating layer 62 may be made of silicon oxide and/or other dielectric 

materials, such as, but not limited to, tantalum peroxide, titanium oxide, 

zirconium oxide, hafuium oxide, and/or aluminum oxide. The gate 60 may be 

made of polysilicon material or metal gate electrode, such as tungsten, tantalum, 

titanium and their nitrides. In Figs. 5 9 A, 5 9 B and 5 9C, the gate 60 is shown 

above the insulating layer 26 isolating neighboring cells 450 and 450A. 

[00724] Cell 450 further includes word line (WL) terminal 70 electrically 

connected to gate 60, bit line (BL) terminal 7 4 electrically coJlllected to bit line 

region 16, source line (SL) terminal 72 electrically connected to the buried layer 

22, and substrate terminal 78 electrically connected to substrate 12. 

[00725] As shown in Fig. 59E, contact to buried well region 22 can be made 

through region 20 having a second conductivity type, and which is electrically 

connected to buried well region 22 and buried well terminal 72, while contact to 

substrate region 12 can be made through region 28 having a first conductivity 

type, and which is electrically coJlllected to substrate region 12 and substrate 

terminal 78. The SL terminal 72 serves as the back bias terminal for the mem01y 

cell 450. 
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[00726] As shmvn in Fig. 59F, the buried well 22 (and subsequently SL terminal 

72) may also be shared between two adjacent memory cells 450 and 450B not 

sharing the same WL terminal 70. In this embodiment, insulating layer 26A is 

built to a similar depth as insulating layer 28 allowing this connection to be 

made using buried well 22. Thus when a plurality of memory cells 450 are 

arranged in an array the source line terminals 72 are shared between pairs of 

adjacent rows of cells 450 and the word line terminals 70 are shared between 

pairs of adjacent rows that are offset by one row from the pairs of rows sharing 

source line terminal 72. Thus each memory cell 450 shares a source line terminal 

with one adjacent cell (e.g., 450B) and a word line terminal 70 with another 

adjacent cell (e.g., 450A). It is worth noting that this connectivity is possible 

because when memory cells 450 are mirrored in alternate rows when arrayed, 

while memory cell 50 is not mirrored when arrayed. 

[00727] Figures 60A through 60E shown an alternate embodiment of memory 

cell 450 where a part of the gate 60 can also be formed inside a trench adjacent 

to the floating body regions 24 of two adjacent memory cells 450. The primary 

difference between this embodiment and the one described in Figures 59A 

through 59E is that the insulating layers 26 in alternate rows adjacent to the 

floating body regions 24 and under the gates 60 are replaced with a trench 

labeled 26T in Figure 60C. This trench can be filled with gate insulator 62 and 

gate material 60 to form a "T" shaped structure. This allows gate 60 to be 

adjacent to floating body region 24 on two sides allowing better control of the 

charge in floating body region 24 in response to electrical signals applied to gate 

60 through word line terminal 70. In particular, operations where word line 

terminal is driven to a positive voltage potential to provide a boost to the voltage 

potential of the floating body 24 by means of capacitive coupling will benefit 

from this arrangement since the capacitance between the gate 60 and the floating 

body 24 will be substantially increased. 

[00728] Fig. 60A shows a top view of one such embodiment of a memory cell 

450 (denoted by a dotted line) according to the present invention. Fig. 60B 

shows a smaller portion of Fig. 60A with two cross section lines I-I' and II-II'. 

Fig. 60C shows the cross section designated I-I' in Fig. 60B. Fig. 60D shows the 

cross section designated II-II' in Fig. 60 B. Present in Figs. 60A through 60 F are 
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substrate 12, semiconductor surface 14, region 16, buried well layer 22, floating 

body region 24, insulating layers 26 and 28, gate 60, gate insulator 62, word line 

terminal 70, buried well terminal 72, bit line terminal 7 4 and substrate terminal 

78, all of which perform similar functions in this exemplary embodiment as they 

did in the earlier exemplary embodiments of mem01y cell 450 described above. 

[00729] Referring now to Figs. 60A, 60B, 60C and 60D, the cell 450 includes a 

substrate 12 of a first conductivity type, such as a p-type conductivity type, for 

example. Substrate 12 is typically made of silicon, but may comprise 

germanium, silicon germanium, gallium arsenide, carbon nanotubes, or other 

semiconductor materials known in the art. A buried layer 22 of the second 

conductivity type is provided in the substrate 12. Buried layer 22 is also formed 

by an ion implantation process on the material of substrate 12. Alternatively, 

buried layer 22 can also be grown epitaxially. 

[00730] A region 16 having a second conductivity type, such as n-type, for 

example, is provided in floating body 24 and is exposed at surface 14. Region 16 

is formed by an implantation process formed on the material making up floating 

body 24, according to any of implantation processes known and typically used in 

the art. Alternatively, a solid state diffusion process could be used to form region 

16. 

[00731] A floating body region 24 of the substrate 12 is bounded by surface 14, 

region 16, insulating layers 26, and 28, buried layer 22, and trench 26T. 

Insulating layers 26 and 28 (e.g., shallow trench isolation (STI)), may be made 

of silicon oxide, for example. Insulating layers 26 and 28 combined with trench 

26T insulate cell 450 from neighboring cells 450 when multiple cells 450 are 

joined in an array 480 to make a memory device as illustrated in Fig. 61A. 

Insulating layer 26 and trench 26T together insulate both neighboring body 

regions 24 and buried regions 22 of adjacent cells memory cells 450A, 450, and 

450B, while insulating layer 28 insulates neighboring body regions 24, but not 

neighboring buried layer regions 22, allowing the buried layer 22 to be 

continuous (i.e. electrically conductive) in one direction in parallel with the 11-11' 

cut line as shown in Figs. 60B and 60D. 

[00732] A gate 60 is positioned in trench 26T in between bit line regions 16 of 

neighboring cells 450 and 450A and above the surface 14 over the floating body 
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regions 24 forming a ''T" shaped structure as shmvn in Fig. 60C. In this 

arrangement, the gate terminal 70 is coupled to the gates 60 of both memory 

cells 450 and 450A. The gate 60 is insulated from floating body regions 24 by an 

insulating layer 62 both on surface 14 and along the walls and bottom of trench 

26T. Insulating layer 62 may be made of silicon oxide and/or other dielectric 

materials, such as, but not limited to, tantalum peroxide, titanium oxide, 

zirconium oxide, hafuium oxide, and/or aluminum oxide. The gate 60 may be 

made of polysilicon material or metal gate electrode, such as tungsten, tantalum, 

titanium and their nitrides. The trench 26T could be formed through silicon 

etching process similar to the STI formation after the STI 26 and 28 have been 

formed. Instead of filling the trench 26T with thick oxide, gate oxide 62 could be 

grown after the trench etch, followed by gate 60 formation. 

[00733] Cell 450 further includes word line (WL) terminal 70 electrically 

connected to gate 60, bit line (BL) terminal 7 4 electrically connected to region 

16, source line (SL) terminal 72 electrically connected to the buried layer 22, 

and substrate terminal 78 electrically connected to substrate 12. 

[00734] As shown in Fig. 60E, contact to buried well region 22 can be made 

through region 20 having a second conductivity type, and which is electrically 

connected to buried well region 22 and buried well terminal 72, while contact to 

substrate region 12 can be made through region 28 having a first conductivity 

type, and which is electrically coilllected to substrate region 12 and substrate 

terminal 78. The SL terminal 72 serves as the back bias terminal for the memory 

cell 450. 

[00735] As shown in Fig. 60F, the buried well 22 (and subsequently SL terminal 

72) may also be shared between two adjacent memory cells 450 and 450B not 

sharing the same WL terminal 70. In this embodiment, insulating layer 26A is 

built to a similar depth as insulating layer 28 allowing this connection to be 

made using buried well 22. Thus when a plurality of memory cells 450 are 

arranged in an array the source line terminals 72 are shared between pairs of 

adjacent rows of cells 450 and the word line terminals 70 are shared between 

pairs of adjacent rows that are offset by one row from the pairs of rows sharing 

source line terminal 72. Thus each memory cell 450 shares a source line terminal 

with one adjacent cell (e.g., 450B) and a word line terminal 70 with another 
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adjacent cell (e.g., 450A). It is worth noting that this connectivity is possible 

because when memory cells 450 are mirrored in alternate rows when arrayed, 

while memory cell 50 is not mirrored when arrayed. 

[00736] Persons of ordinary skill in the art will appreciate that many other 

embodiments of the memory cell 450 other than the exemplary embodiments 

described in conjunction with Figs. 59A through 60F are possible. For example, 

the first and second conductivity types may be reversed as a matter of design 

choice. Other physical geometries may be used like, for example, substrate 12 

may be replaced by a well placed in a substrate of the second conductivity type 

(not shown) as a matter of design choice. Thus the embodiments shown are in no 

way limiting of the present invention. 

[00737] Fig 61A shows an exemplary memory array 480 of memory cells 450. In 

the exemplary array 480 an embodiment of memory cell 450 is chosen where 

word lines 70a through 70n are shared between adjacent rows of mem01y cells 

450 and source lines 72a through 72n+ 1 are shared between adjacent rows of 

memory cells 450 offset by one row. Thus there is one more source line 72 than 

there are row lines 7 0 because the top and bottom rows do not have an adjacent 

row of memory cells 450 to share source lines 72 with. Because the WL 

terminals 70a through 70n and source line terminals 72a through 72n+ 1 can be 

shared between neighboring memory cells, a smaller memory array 480 may be 

realized since the effective size of memory cell 450 is reduced due the shared 

features. Alternatively, the memory array 480 of memory cells 450 can be 

arranged with one more word line 70 than there are source lines 72 with the top 

and bottom rows each not sharing word line 70 with adjacent rows. 

[00738] As shown in Fig. 61 B, the circuit schematic for an individual memory 

cell 450 is identical to that for memory cell 250 as shown in Fig. 3 7 A, the main 

differences between mem01y cells 250 and 450 being the physical construction, 

relative orientation, and the sharing of control lines. Thus the operating 

principles of memory cell 450 will follow the principles of the previously 

described memory cell 250. The memory cell operations will be described, 

realizing that the WL and SL terminals are now shared between neighboring 

memory cells. Persons of ordinary skill in the art will realize the operation of the 

embodiments of memory cell 450 which share word lines 70 but have separate 
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source lines 72 can be handled identically by manipulating the non-shared 

source lines 72 identically or by manipulating them in an analogous manner to 

other rows in the memory array as a matter of design choice. 

[00739] As illustrated in Fig. 62, the holding operation for memory cell 450 can 

be performed in a similar manner to that for memory cell 250 by applying a 

positive bias to the back bias terminal (i.e. SL terminal 72 coupled to buried well 

region 22) while grounding bit line terminal 7 4 coupled to bit line region 16 and 

substrate terminal 78 coupled to substrate 12. As previously described, the 

holding operation is relatively independent of the voltage applied to terminal 70 

which is preferably grounded in some embodiments. Inherent in the memory cell 

450 is n-p-n bipolar device 30 formed by buried well region 22, :floating body 

24, and bit line region 16. 

[00740] If floating body 24 is positively charged (i.e. in a logic-1 state), the 

bipolar transistor 30 formed by bit line region 16, :floating body 24, and buried 

well region 22 will be turned on as discussed above in conjunction with Figs. 

37 A through 37C above. A :fraction of the bipolar transistor current will then 

flow into :floating body region 24 (usually referred to as the base current) and 

maintain the logic-1 data. The efficiency of the holding operation can be 

enhanced by designing the bipolar device formed by buried well region 22, 

:floating region 24, and bit line region 16 to be a low-gain bipolar device, where 

the bipolar gain is defined as the ratio of the collector current flowing out of SL 

terminal 72 to the base current flowing into the floating region 24. 

[00741] For memory cells in the logic-0 state, the bipolar device will not be 

turned on, and consequently no base hole current will flow into floating body 

region 24 as discussed above in conjunction with Figs. 37 A through 37C above. 

Therefore, memory cells in state logic-0 will remain in state logic-0. 

[00742] A periodic pulse of positive voltage can be applied to the SL terminal 72 

as opposed to applying a constant positive bias to reduce the power consumption 

of the memory cell 450 in a manner analogous to that described in conjunction 

with Figs. 38A through 38D above. 

[00743] As illustrated in Fig. 62, an example of the bias condition for a hvo row 

holding operation is applied to exemplary mem01y array 480. In one particular 

non-limiting embodiment, about+ 1.2 volts is applied to SL terminal 72b, about 
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0.0 volts is applied to the other source line terminals 72a and 72c (not shmvn) 

through 72n+ 1, about 0.0 volts is applied to BL terminals 7 4a through 7 4p, 

about 0.0 volts is applied to WL terminals 70a through 70n, and about 0.0 volts 

is applied to substrate terminals 78a through 78n+ 1. Tiris vvill place 

representative memory cells 450a, 450c, 450d, and 450f into a holding state. 

These voltage levels are exemplazy only may vazy substantially as a matter of 

design choice and processing technology node and are in no way limiting. 

[00744] As illustrated in Figs. 63 and 64A through 64P, the charge stored in the 

floating body 24 can be sensed by monitoring the cell current of the memory cell 

450. If cell 450 is in a state logic-1 having holes in the body region 24, then the 

memory cell will have a higher cell current, compared to if cell 450 is in a state 

logic-0 having no holes in body region 24. A sensing circuit typically connected 

to BL terminal 7 4 of memory array 480 can then be used to determine the data 

state of the memory cell. Examples of the read operation are described with 

reference to Yoshida, Ohsawa-1, and Ohsawa-2 discussed above. 

[00745] The read operation can be performed by applying the following bias 

condition to memory cell 450: a positive voltage is applied to the selected BL 

terminal 7 4, and a positive voltage greater than the positive voltage applied to 

the selected BL terminal 7 4 is applied to the selected WL terminal 70, zero 

voltage is applied to the selected SL terminal 72, and zero voltage is applied to 

the substrate terminal 78. The unselected BL terminals will remain at zero 

voltage, the unselected WL terminals vvill remain at zero voltage, and the 

unselected SL terminals vvill remain at positive voltage. 

[00746] The bias conditions for an exemplazy embodiment for a read operation 

for the exemplazy memory array 480 are shown in Fig. 63, while the bias 

conditions during a read operation for selected representative memory cell 450a 

are further illustrated in Figs. 64A through 64B and the bias conditions during a 

read operation for the seven cases illustrated by unselected representative 

memory cells 450b through 450h during read operations are further shown in 

Figs. 64C through 64P. In particular, the bias conditions for unselected 

representative memory cell 450b sharing the same WL terminal 70a and BL 

terminal 7 4a but not the same SL terminal 72 as the selected representative 

memory cell 450a are shown in Figs. 64C through 64D. The bias conditions for 
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unselected representative mem01y cell 450c sharing the same SL terminal 72b 

and BL terminal 7 4a but not the same WL terminal 70 as the selected 

representative mem01y cell 450a are shmvn in Figs. 64E through 64F. The bias 

conditions for unselected representative memory cell 450d sharing the same WL 

terminal 70a and SL terminal 72b but not the same BL terminal 7 4 as the 

selected representative memory cell 450a are shmvn in Figs. 64G through 64H. 

Figs. 64I through 64J show the bias conditions for unselected representative 

memory cell 450e sharing the same WL terminal 70a but neither the same SL 

terminal 72 nor BL terminal 7 4 as the selected representative memory cell 450a. 

Figs. 64K through 64L show the bias conditions for unselected representative 

memory cell 450f sharing the same SL terminal 72b but neither the same WL 

terminal 70 nor BL terminal 7 4 as the selected representative memory cell 450a. 

The bias conditions for unselected representative memory cell 450g sharing the 

same BL terminal 7 4a as the selected representative memory cell 450a but not 

the same WL terminal 70 nor SL terminal 72 is shown in Figs. 64M through 

64N. The bias condition for representative memory cell 450h not sharing any 

control terminals as the selected representative memory cell 450a is shown in 

Figs. 640 through 64P. 

[00747] In one particular non-limiting and exemplary embodiment illustrated in 

Figs. 63, 64A and 64B, the bias conditions for selected representative memory 

cell 450a and are shown. In particular, about 0.0 volts is applied to the selected 

SL terminal 72b, about +0.4 volts is applied to the selected bit line terminal 7 4a, 

about+ 1.2 volts is applied to the selected word line terminal 70a, and about 0.0 

volts is applied to substrate terminal 78 (not shown in Fig. 64B). 

[00748] In the remainder of exemplary array 480, the unselected bit line terminals 

7 4b through 7 4p remain at 0.0 volts, the unselected word line terminals 70b 

through 70n remain at 0.0 volts, and the unselected SL terminals 72a and 72c 

(not shown in Fig. 63) through 72n+ 1 remain at+ 1.2 volts. Figs. 64C through 

64P show in more detail the unselected representative memory cells 450b-450h 

in memory array 480. It is noteworthy that these voltage levels are exemplary 

only may vary substantially as a matter of design choice and processing 

teclmology node, and are in no way limiting. 
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[00749] As shmvn in Figs. 63, 64C and 64D, representative memory cell 450b 

sharing the same WL terminal 70a and BL terminal 7 4a but not the same SL 

terminal 72 as the representative selected memory cell 450a, both the BL and SL 

terminal are positively biased. The potential difference between the BL and SL 

terminals (i.e. the emitter and collector terminals of the bipolar device 30) is 

lower compared to the memory cells in the holding mode, reducing the base 

current flowing to the floating body 24. However, because read operation is 

accomplished much faster (in the order of nanoseconds) compared to the lifetime 

of the charge in the floating body 24 (in the order of milliseconds), it should 

cause little disruptions to the charge stored in the floating body. 

[00750] As shown in Figs. 63, 64E and 64F, representative memory cell 450c 

sharing the same SL terminal 72b and BL terminal 7 4a but not the same WL 

terminal 70 as the selected representative memory cell 450a, both the WL 

terminal 72b and the SL terminal 72 are grounded with the BL terminal 

positively biased. As a result, memory cell 450c will still be at holding mode, 

where memory cells in state logic-1 will maintain the charge in floating body 24 

because the intrinsic bipolar device 30 will generate hole current to replenish the 

charge in floating body 24; while memory cells in state logic-0 will remain in 

neutral state. 

[00751] As shown in Figs. 63, 64G and 64H, representative memory cell 450d 

sharing the same WL terminal 70a and SL terminal 72b but not the same BL 

terminal 74 as the selected representative memory cell 450a, both the SL 

terminal 72b and BL terminal 74b are grounded with the WL terminal 70a at 

+ 1. 2V. As a result, there is no potential difference between the emitter and 

collector terminals of the n-p-n bipolar device 30 and consequently 

representative memory cell 450d is no longer in holding mode. However, 

because read operation is accomplished much faster (in the order of 

nanoseconds) compared to the lifetime of the charge in the floating body 24 (in 

the order of milliseconds), it should cause little disruptions to the charge stored 

in the floating body. 

[00752] As shown in Figs. 63, 641and64J, representative memory cell 450e 

sharing the same WL terminal 70a but not the same SL terminal 72 nor BL 

terminal 7 4 as the selected representative memory cell 450a, the SL terminal 
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remains positively biased. As a result, memory cell 450e vvill still be at holding 

mode, where memory cells in state logic-1 will maintain the charge in floating 

body 24 because the intrinsic bipolar device 30 will generate holes current to 

replenish the charge in floating body 24; while memory cells in state logic-0 vvill 

remain in the neutral state. 

[00753] As shown in Figs. 63, 64K and 64L, representative memory cell 450f 

sharing the same SL terminal 72b but not the same WL terminal 70 nor BL 

terminal 7 4 as the selected representative memory cell 450a, both the SL 

terminal 72 and BL terminal 7 4 are now grounded. As a result, there is no 

potential difference between the emitter and collector terminals of the n-p-n 

bipolar device 30 and consequently memory cells 450fis no longer in holding 

mode. However, because read operation is accomplished much faster (in the 

order of nanoseconds) compared to the lifetime of the charge in the floating 

body 24 (in the order of milliseconds), it should cause little disruptions to the 

charge stored in the floating body. 

[00754] As shown in Figs. 63, 64M and 64N, representative memory cell 450g 

sharing the same BL terminal 7 4a but not the same WL terminal 70 nor SL 

terminal 72 as the selected representative memory cell 450a, a positive voltage is 

applied to the BL terminal 7 4. Less base current will flow into the floating body 

24 due to the smaller potential difference between SL terminal 72 and BL 

terminal 7 4 (i.e. the emitter and collector terminals of the n-p-n bipolar device 

30). However, because read operation is accomplished much faster (in the order 

of nanoseconds) compared to the lifetime of the charge in the floating body 24 

(in the order of milliseconds), it should cause little disruptions to the charge 

stored in the :floating body. 

[00755] As shown in Figs. 63, 640 and 64P, representative memory cells 450h 

not sharing WL, BL, and SL terminals as the selected representative mem01y 

cell 450a, both the SL terminal 72 vvill remain positively charged and the BL 

terminal remain grounded (Figs. 640-64P). As can be seen, these cells vvill be at 

holding mode, where memory cells in state logic-1 will maintain the charge in 

floating body 24 because the intrinsic bipolar device 30 will generate holes 

current to replenish the charge in floating body 24; while mem01y cells in state 

logic-0 vvill remain in the neutral state. 
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[00756] It is noteworthy that the voltage levels described in all the different cases 

above are exemplazy only may vazy substantially from embodiment to 

embodiment as a matter of both design choice and processing technology node, 

and are in no way limiting. 

[00757] A hvo row write logic-0 operation of the cell 450 is now described with 

reference to Fig. 65. A negative bias may be applied to the back bias terminal 

(i.e. SL terminal 72), zero potential may be applied to WL terminal 70, zero 

voltage may be applied to BL terminal 72 and substrate terminal 78. The 

unselected SL terminal 72 will remain positively biased. Under these conditions, 

the p-njunction behveen floating body 24 and buried well 22 of the selected cell 

50 is forward-biased, evacuating any holes from the floating body 24. In one 

particular non-limiting embodiment, about -0.5 volts is applied to terminal 72, 

about 0.0 volts is applied to terminal 70, and about 0.0 volts is applied to 

terminal 7 4 and 78. However, these voltage levels may vazy, while maintaining 

the relative relationship behveen the charges applied, as described above. 

[00758] In Fig. 65, the selected SL terminal 72b is biased at about -0.5V while 

the unselected SL terminals 72a, and 72c (not shown) through 72n+ 1 are biased 

at about + 1. 2V, the WL terminals 7 Oa through 70n are biased at about 0. OV, the 

BL terminals 74a through 74p are biased at about O.OV and the substrate 

terminals 78a through 78n+ 1 are biased at about O.OV. In some embodiments 

where the substrate is really a well in another substrate (not shown), the substrate 

terminals may be biased at about -0.5V to avoid unwanted current from the 

selected SL terminal 72b. This condition causes all of the mem01y cells 450 

coupled to SL terminal 72b, including the selected representative mem01y cells 

450a, 450c, 450d, and 450f, to be written to the logic-0 state. 

[00759] Figs. 65, 66A and 66B show an example of bias conditions for the 

selected and unselected memory cells 450 during a hvo row write logic-0 

operation in memory array 480. For the selected memory cells, including 

representative mem01y cells 450a, 450c, 450d and 450f, the negative bias 

applied to SL terminal 72 causes large potential difference behveen floating 

body 24 and buried well region 22. This causes the hole charge in the floating 

body 24 to be discharged as discussed above. Because the buried well 22 is 
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shared among multiple memory cells 50, all memory cells 450 sharing the same 

SL terminal 72 vvill be written into state logic-0. 

[00760] An example of bias conditions and an equivalent circuit diagram 

illustrating the intrinsic n-p-n bipolar devices 30 of unselected memory cells 

450, including representative memory cells 450b, 450e, 450g and 450h, during 

write logic-0 operations are illustrated in Figs. 66A through 66B. Since the write 

logic-0 operation only involves a negative voltage to the selected SL terminal 

72, the bias conditions for all the unselected cells are the same. As can be seen, 

the unselected memory cells vvill be in a holding operation, vvith the BL terminal 

at about 0.0 volts, WL terminal at zero or negative voltage, and the unselected 

SL terminal positively biased. 

[00761] As illustrated in Fig. 67, a single column write logic-0 operation can be 

performed by applying a negative bias to the BL terminal 7 4 as opposed to the 

SL terminal 72 (as in Figs. 65, 66A, and 66B). The SL terminal 72 vvill be 

positively biased, while zero voltage is applied to the substrate terminal 78, and 

zero voltage is applied to the WL terminal 70. Under these conditions, all 

memory cells sharing the same BL terminal 7 4 vvill be written into state logic-0 

while all the other memory cells 450 in the array 480 vvill be in the holding state. 

[00762] In Fig. 67, selected BL terminal 7 4a may be biased at about -1.2V while 

the unselected BL terminals 74b through 74p may be biased at about O.OV, the 

WL terminals 7 Oa through 7 On may be biased at about 0. OV, the source line 

terminals 72a through 27n+ 1 may be biased at+ 1.2V, and the substrate 

terminals 78a through 78n+ 1 may be biased at O.OV. This condition causes all of 

the mem01y cells 450 coupled to BL terminal 74a, including the selected 

representative mem01y cells 450a, 450b, 450c, and 450g, to be written to the 

logic-0 state while the remaining memory cells 450, including unselected 

representative mem01y cells 450d, 450e, 450f, and 450h, to be in a holding 

operation. These voltage levels are exemplazy only may vazy substantially from 

embodiment to embodiment as a matter of design choice and processing 

teclmology node used, and are in no way limiting. 

[00763] As illustrated in Figs. 68 and 69A through 69P, a single cell write logic-0 

operation that allows for individual bit writing can be performed by applying a 

positive voltage to WL terminal 70, a negative voltage to BL terminal 7 4, zero or 
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positive voltage to SL terminal 72, and zero voltage to substrate terminal 78. 

Under these conditions, the floating body 24 potential vvill increase through 

capacitive coupling from the positive voltage applied to the WL terminal 70. As 

a result of the :floating body 24 potential increase and the negative voltage 

applied to the BL terminal 74, the p-njunction between floating body 24 and bit 

line region 16 is forward-biased, evacuating any holes from the floating body 24. 

To reduce undesired write logic-0 disturb to other memory cells 450 in the 

memory array 480, the applied potential can be optimized as follows: ifthe 

floating body 24 potential of state logic-1 is referred to V FB 1, then the voltage 

applied to the WL terminal 70 is configured to increase the floating body 24 

potential by VFBi/2 while -VFBi/2 is applied to BL terminal 74. 

[00764] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected memory cell 450a: a potential of about 0.0 volts to SL 

terminal 72b, a potential of about -0.2 volts to BL terminal 7 4a, a potential of 

about +0.5 volts is applied to WL terminal 70a, and about 0.0 volts is applied to 

substrate terminals 78a through 78n+ 1; while about + 1. 2 volts is applied to 

unselected SL terminals 72a and 72c (not shown) through 72n+ 1, about 0.0 volts 

is applied to unselected BL terminals 7 4b through 7 4p, and about 0.0 volts is 

applied to unselected WL terminals 70b through 70n. Fig. 68 shows the bias 

condition for the selected and unselected memory cells 450 in memory array 

480. However, these voltage levels are exemplary only may vary substantially 

from embodiment to embodiment as a matter of design choice and processing 

teclmology node used, and are in no way limiting. 

[00765] The bias conditions of the selected representative mem01y cell 450a 

under write logic-0 operation are further elaborated and are shown in Figs. 69A 

through 69B. As discussed above, the potential difference between floating body 

24 and bit line region 16 (coJlllected to BL terminal 74a) is now increased, 

resulting in a higher forward bias current than the base hole current generated by 

the n-p-n bipolar devices 30 formed by buried well region 22, :floating body 24, 

and bit line region 16. The net result is that holes will be evacuated from floating 

body 24. 

[00766] The unselected memory cells 450 during write logic-0 operations are 

shown in Figs. 69C through 69P: The bias conditions for memory cell 450b 
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sharing the same WL terminal 70a and BL terminal 7 4a but not the same SL 

terminal 72 as the selected memory cell 450a are shmvn in Figs. 69C through 

69D. The bias conditions for memory cell 450c sharing the same SL terminal 

72b and BL terminal 7 4a but not the same WL terminal 70 as the selected 

memory cell 450a are shmvn in Figs. 69E through 69F. The bias conditions for 

memory cell 450d sharing the same WL terminal 70a and SL terminal 72b but 

not the same BL terminal 7 4 as the selected memory cell 450 are shmvn in Figs. 

69G through 69H. Figs. 691through69J show the bias conditions for memory 

cell 450e sharing the same WL terminal 70a but not the same SL terminal 72 nor 

BL terminal 74 as the selected memory cell 450a. Figs. 69K through 69L show 

the bias conditions for memory cell 450f sharing the same SL terminal 72b but 

not the same WL terminal 70 nor BL terminal 7 4 as the selected memory cell 

450a. The bias conditions for memory cells sharing the same BL terminal 7 4a as 

the selected memory cell 450a but not the same WL terminal 70 nor SL terminal 

72 (e.g. memory cell 450g) are shown in Figs. 69M through 69N, while the bias 

condition for memory cells not sharing the same WL, SL, and BL terminals 70, 

72, and 74 respectively as the selected memory cell 450a (e.g. memory cell 

450h) is shown in Fig. 690 through 69P. 

[00767] The floating body 24 potential of memory cells sharing the WL terminal 

70 as the selected memory cell will increase due to capacitive coupling from WL 

terminal 70 by .6. VfB. For memory cells in state logic-0, the increase in the 

floating body 24 potential is not sustainable as the forward bias current of the p­

n diodes formed by floating body 24 and junction 16 will evacuate holes from 

floating body 24. As a result, the floating body 24 potential will return to the 

initial state logic-0 equilibrium potential. For memory cells in state logic-1, the 

floating body 24 potential will initially also increase by .6.VFB, which will result 

in holes being evacuated from floating body 24. After the positive bias on the 

WL terminal 70 is removed, the :floating body 24 potential will decrease by 

.6. V FB. If the initial floating body 24 potential of state logic-1 is ref erred to as 

VFBJ, the floating body 24 potential after the write logic-0 operation will become 

V FB 1- .6. V FB. Therefore, the WL potential needs to be optimized such that the 

decrease in floating body potential of memory cells 50 in state logic-1 is not too 
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large. For example, the maximum floating body potential due to the coupling 

from the WL potential cannot exceed V FB 1/2. 

[00768] As shmvn in Figs. 69C through 69D, for unselected representative 

memory cell 450b sharing the same WL terminal 70a and BL terminal 7 4a but 

not the same SL terminal 72 as the selected memory cell 450a, a negative bias is 

applied to the BL terminal while the SL terminal is positively biased. The 

potential difference between the BL and SL terminals (i.e. the emitter and 

collector terminals of the bipolar device 30) is greater compared to the memory 

cells in the holding mode. As a result, the forward bias current of the p-n diode 

formed by :floating body 24 and bit line region 16 is balanced by higher base 

current of the bipolar device 30. As a result, memory cell 450b will still be at 

holding mode. Thus, when memory cell 450b is in state logic-1 it will maintain 

the charge in floating body 24 because the intrinsic bipolar device 30 will 

generate holes current to replenish the charge in floating body 24, and when 

memory cell 450b is in state logic-0 the bipolar device 30 will remain off leaving 

the floating body 24 charge level in a neutral state. 

[00769] As shown in Figs. 69E through 69F, for unselected representative 

memory cell 450c sharing the same SL terminal 72b and BL terminal 7 4A but 

not the same WL terminal 70 as the selected memory cell 450a, the SL terminal 

72 is now grounded with the BL terminal now negatively biased. As a result, the 

p-n diode formed between :floating body 24 and bit line region 16 will be 

forward biased. For memory cells in state logic-0, the increase in the floating 

body 24 potential will not change the initial state logic-0 as there is initially no 

hole stored in the :floating body 24. For memory cells in state logic-1, the net 

effect is that the floating body 24 potential after write logic-0 operation will be 

reduced. Therefore, the BL potential also needs to be optimized such that the 

decrease in floating body potential of memory cells 50 in state logic-1 is not too 

large. For example, the -VFBi/2 is applied to the BL terminal 74. For memory 

cells in the logic-0 state, the bipolar device 30 remains off leaving the cell in the 

logic-0 state. 

[00770] As shown in Figs. 69G through 69H, for unselected representative 

memory cell 450d sharing the same WL terminal 70a and SL terminal 72b but 

not the same BL terminal 7 4 as the selected memory cell 450a, both the SL 
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terminal 72 and BL terminal 7 4 are now grounded. As a result, there is no 

potential difference between the emitter and collector terminals of the n-p-n 

bipolar device 30 and consequently memory cells 450d is no longer in holding 

mode. However, because write operation is accomplished much faster (in the 

order of nanoseconds) compared to the lifetime of the charge in the floating 

body 24 (in the order of milliseconds), it should cause little disruptions to the 

charge stored in the floating body. 

[00771] As shown in Figs. 691 through 69J, for unselected representative memory 

cell 450e sharing the same WL terminal 70a but not the same SL terminal 72 nor 

BL terminal 74 as the selected memory cell 450a, the SL terminal is positively 

biased. As a result, memory cell 450e will still be at holding mode, where 

memory cells in state logic-1 will maintain the charge in floating body 24 

because the intrinsic bipolar device 30 will generate holes current to replenish 

the charge in floating body 24, while memory cells in state logic-0 will remain in 

neutral state. 

[00772] As shown in Figs. 69K through 69L, for unselected representative 

memory cell 450f sharing the same SL terminal 72b but not the same WL 

terminal 70 nor BL terminal 7 4 as the selected memory cell 450a, both the SL 

terminal 72 and BL terminal 7 4 are grounded. As a result, there is no potential 

difference between the emitter and collector terminals of the n-p-n bipolar 

device 30 and consequently memory cells 450f is no longer in holding mode. 

However, because write operation is accomplished much faster (in the order of 

nanoseconds) compared to the lifetime of the charge in the floating body 24 (in 

the order of milliseconds), it should cause little disruptions to the charge stored 

in the floating body. 

[00773] As shown in Figs. 69M through 69N, for unselected representative 

memory cell 450g sharing the same BL terminal 7 4a but not the same WL 

terminal 70 nor SL terminal 72, a negative bias is applied to the BL terminal 

while the SL terminal remains positively biased. The potential difference 

between the BL and SL terminals (i.e. the emitter and collector terminals of the 

bipolar device 30) is greater compared to the memory cells in the holding mode. 

As a result, the fonvard bias current of the p-n diode formed by floating body 24 

and bit line region 16 is balanced by higher base current of the bipolar device 30. 
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As a result, memory cell 450g will still be at holding mode. Thus memory cells 

in state logic-1 will maintain the charge in floating body 24 because the intrinsic 

bipolar device 30 will generate hole current to replenish the charge in floating 

body 24, while memory cells in state logic-0 will remain in neutral state. 

[00774] As shown in Figs. 690 through 69P, for unselected representative 

memory cell 450h not sharing WL, BL, and SL terminals 70, 7 4, and 72 

respectively as the selected memory cell 450a, both the SL terminal 72 will 

remain positively charged and the BL terminal will remain grounded. As can be 

seen, these cells will be at holding mode, where memory cells in state logic-1 

will maintain the charge in floating body 24 because the intrinsic bipolar device 

30 will generate holes current to replenish the charge in floating body 24, while 

memory cells in state logic-0 will remain in neutral state. 

[00775] Several different types of a write logic-0 operation have been described 

as examples illustrating the present invention. While exemplary voltage levels 

have been given, the actual voltages used in practice may vary substantially from 

embodiment to embodiment as a matter of design choice and processing 

teclmology node used, and are in no way limiting. 

[00776] A write logic-1 operation can be performed on memory cell 450 by 

means of impact ionization as described for example with reference to Lin cited 

above, or by means of a band-to-band tunneling (GIDL) mechanism, as 

described for example with reference to Yoshida cited above. 

[00777] Illustrated in Fig. 70, is an example of the bias condition of the selected 

memory cell 450a in memory array 480 under a band-to-band tunneling (GIDL) 

write logic-1 operation. The negative bias applied to the WL terminal 70a and 

the positive bias applied to the BL terminal 7 4a of the selected representative 

memory cell 450a result in hole injection to the floating body 24 of the selected 

memory cell 450 as discussed above with reference to Yoshida. The SL terminal 

72 and the substrate terminal 78 are grounded during the write logic-1 operation. 

[00778] As further illustrated in Figs. 71A and 71B, in one particular non-limiting 

embodiment, the following bias conditions are applied to the selected mem01y 

cell 450a: a potential of about 0.0 volts is applied to SL terminal 72b, a potential 

of about+ 1.2 volts is applied to BL terminal 7 4a, a potential of about -1.2 volts 

is applied to WL terminal 70a, and about 0.0 volts is applied to substrate 
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terminal 78 (not shmvn in Fig. 71B). Tiris bias condition bends the energy bands 

upward in the portion of bit line region 16 near the gate 60 in selected 

representative memory cell 450a creating GIDL current on the bit line 

(electrons) while injecting holes into the floating body 24 charging it up to a 

logic-1 level. 

[00779] Also shown in Fig. 70, the following bias conditions are applied to the 

unselected terminals: about+ 1.2 volts is applied to unselected SL terminals 72a 

and 72c (not shown) through 72n+ 1, about 0.0 volts is applied to unselected BL 

terminals 7 4b through 7 4p, a potential of about 0.0 volts is applied to unselected 

WL terminals 70 b through 70n+ 1, and about 0.0 volts is applied to substrate 

terminals 78a through 78n+ 1. 

[00780] The unselected memory cells during vvrite logic-1 operations are shown 

in Figs. 71C through 710: The bias conditions for memory cell 450b sharing the 

same WL terminal 70a and BL terminal 7 4a but not the same SL terminal 72 as 

the selected memory cell 450a are shown in Figs. 71C through 71D. The bias 

conditions for memory cell 450c sharing the same SL terminal 72b and BL 

terminal 7 4a but not the same WL terminal 70 as the selected memory cell 450a 

are shown in Figs. 71E through 71F. The bias conditions for memory cell 450d 

sharing the same WL terminal 70a and SL terminal 72b but not the same BL 

terminal 74 as the selected memory cell 450a are shown in Figs. 71G through 

71H. Figs. 711 through 711 show the bias conditions for memory cell 450e 

sharing the same WL terminal 70a but not the same SL terminal 72 nor BL 

terminal 74 as the selected memory cell 450a. Figs. 71K through 71L show the 

bias conditions for memory cell 450f sharing the same SL terminal 72b but not 

the same WL terminal 70 nor BL terminal 7 4 as the selected memory cell 450a. 

The bias conditions for memory cells sharing the same BL terminal 74a as the 

selected memory cell 450a but not the same WL terminal 70 nor SL terminal 72 

(e.g. memory cell 450g) are shown in Figs. 7 lM through 7 lN, while the bias 

condition for memory cells not sharing the WL, SL, and BL terminals 70, 72 and 

74 respectively, as the selected memory cell 450a (e.g. memory cell 450h) are 

shown in Fig. 710 through 71P. 

[ 00781] As shown in Figs. 71 C through 71 D, for unselected representative 

memory cell 450b sharing the same WL terminal 70a and BL terminal 7 4a but 
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not the same SL terminal 72 as the selected memory cell 450a, both BL and SL 

terminals are positively biased. As a result, there is no potential difference 

behveen the emitter and collector terminals of the n-p-n bipolar device 30 and 

consequently memory cell 450b is no longer in holding mode. However, because 

the write operation is accomplished much faster (on the order of nanoseconds) 

compared to the lifetime of the charge in the floating body 24 (on the order of 

milliseconds), it should cause little disruption to the charge stored in the floating 

body. 

[ 00782] As shown in Figs. 71 E through 71 F, for unselected representative 

memory cell 450c sharing the same SL terminal 72b and BL terminal 7 4a but not 

the same WL terminal 70 as the selected memory cell 450a, the SL terminal 72 

is now grounded with the BL terminal now positively biased. As a result, 

memory cell 450c will be in a holding mode, where memory cells in state logic-

1 will maintain the charge in floating body 24 because the intrinsic bipolar 

device 30 will generate hole current to replenish the charge in floating body 24 

and mem01y cells in state logic-0 will remain in the neutral state. 

[00783] As shown in Figs. 71 G through 7 lH, for unselected representative 

memory cell 450d sharing the same WL terminal 70a and SL terminal 72b but 

not the same BL terminal 7 4 as the selected mem01y cell 450a, both the SL 

terminal 72 and BL terminal 7 4 are now grounded. As a result, there is no 

potential difference behveen the emitter and collector terminals of the n-p-n 

bipolar device 30 and consequently mem01y cell 450d is not in a holding mode. 

However, because the write operation is accomplished much faster (on the order 

of nanoseconds) compared to the lifetime of the charge in the floating body 24 

(on the order of milliseconds), it should cause little disruption to the charge 

stored in the floating body. 

[00784] As shown in Figs. 711 through 71J, for unselected representative memory 

cell 450e sharing the same WL terminal 70a but not the same SL terminal 72 nor 

BL terminal 74 as the selected memory cell 450a, the SL terminal remains 

positively biased. As a result, memory cell 450e will still be in a holding mode, 

where memory cells in state logic-1 will maintain the charge in floating body 24 

because the intrinsic bipolar device 30 will generate holes current to replenish 
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the charge in floating body 24, and while memory cells in state logic-0 will 

remain in a neutral state. 

[00785] As shown in Figs. 71K through 71L, for unselected representative 

memory cell 450f sharing the same SL terminal 72b but not the same WL 

terminal 70 nor BL terminal 7 4 as the selected memory cell 450a, both the SL 

terminal 72 and BL terminal 7 4 are now grounded. As a result, there is no 

potential difference between the emitter and collector terminals of the n-p-n 

bipolar device 30 and consequently memory cell 450f is no longer in a holding 

mode. However, because the write operation is accomplished much faster (on 

the order of nanoseconds) compared to the lifetime of the charge in the floating 

body 24 (on the order of milliseconds), it should cause little disruption to the 

charge stored in the floating body. 

[00786] As shown in Figs. 71M through 71N, for unselected representative 

memory cell 450g sharing the same BL terminal 7 4a but not the same WL 

terminal 70 nor SL terminal 72, a positive bias is applied to the BL terminal and 

the SL terminal. As a result, there is no potential difference between the emitter 

and collector terminals of the n-p-n bipolar device 30 and consequently memory 

cell 450g is no longer in a holding mode. However, because write operation is 

accomplished much faster (on the order of nanoseconds) compared to the 

lifetime of the charge in the floating body 24 (on the order of milliseconds), it 

should cause little disruption to the charge stored in the floating body. 

[00787] As shown in Figs. 710 through 7 lP, for unselected representative 

memory cell 450h not sharing WL, BL, and SL terminals 70, 7 4 and 72 

respectively as the selected memory cell, the SL terminal 72n+ 1 will remain 

positively charged and the BL terminal 7 4b and the WL terminal 70n are 

grounded. As can be seen, memory cell 450h will be at holding mode, where 

memory cells in state logic-1 will maintain the charge in :floating body 24 

because the intrinsic bipolar device 30 will generate hole current to replenish the 

charge in floating body 24, while memory cells in state logic-0 will remain in the 

neutral state. 

[00788] Illustrated in Fig, 72, is an example of the bias condition of the selected 

memory cell 450a in memory array 480 under an impact ionization write logic-1 

operation. The positive bias applied to the WL terminal 70a and the positive bias 

147 

efiling
Rectangle



WO 2011/097592 PCT /US2011/02394 7 

Atty. Docket: ZEN0-012WO 

applied to the BL terminal 74a of the selected representative memory cell 450a 

results in hole injection to the floating body 24 of the selected memory cell 450 

as discussed above vvith reference to Lin cited above. The SL terminal 72b and 

the substrate terminals 78a through 78n+ 1 are grounded during the write logic-1 

operation. 

[00789] As further illustrated in Fig. 72, in one particular non-limiting 

embodiment, the follovving bias conditions are applied to the selected mem01y 

cell 450a: a potential of about 0.0 volts is applied to SL terminal 72b, a potential 

of about+ 1.2 volts is applied to BL terminal 7 4a, a potential of about+ 1.2 volts 

is applied to WL terminal 70a, and about 0.0 volts is applied to substrate 

terminals 78a through 78n+ 1. This bias condition causes selected representative 

memory cell 450a to conduct current due to the impact ionization mechanism 

discussed vvith reference to Lin cited above. The combination of+ 1.2V on word 

line terminal and+ 1.2V on bit line terminal 7 4a turns on the bipolar device 30 in 

representative memory cell 450a regardless of its prior logic state and generating 

sufficient hole charge in its floating body 24 to place it in the logic-1 state. 

[00790] Also shown in Fig. 72, the following bias conditions are applied to the 

unselected terminals: about+ 1.2 volts is applied to unselected SL terminals 72a 

and 72c (not shown) through 72n+ 1, about 0.0 volts is applied to unselected BL 

terminals 7 4b through 7 4p, a potential of about 0.0 volts is applied to unselected 

WL terminals 70b through 70n+ 1, and about 0.0 volts is applied to substrate 

terminals 78a through 78n+ 1. 

[00791] For unselected representative memory cell 450b sharing the same WL 

terminal 70a and BL terminal 7 4a but not the same SL terminal 72 as the 

selected mem01y cell 450a, both BL and SL terminals are positively biased. As a 

result, there is no potential difference between the emitter and collector terminals 

of the n-p-n bipolar device 30 and consequently memory cell 450b is no longer 

in a holding mode. However, because the write operation is accomplished much 

faster (in the order of nanoseconds) compared to the lifetime of the charge in the 

floating body 24 (in the order of milliseconds), it should cause little disruption to 

the charge stored in the floating body. 

[00792] For unselected representative memory cell 450c sharing the same SL 

terminal 72b and BL terminal 7 4a but not the same WL terminal 70 as the 
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selected memory cell 450a, the SL terminal 72b is now grounded with the BL 

terminal now positively biased. As a result, memory cell 450c will be in a 

holding mode, where memory cells in state logic-1 will maintain the charge in 

floating body 24 because the intrinsic bipolar device 30 will generate hole 

current to replenish the charge in floating body 24, while memory cells in state 

logic-0 will remain in the neutral state. 

[00793] For unselected representative memory cell 450d sharing the same WL 

terminal 70a and SL terminal 72b but not the same BL terminal 7 4 as the 

selected memory cell 450a, both the SL terminal 72 and BL terminal 7 4 are now 

grounded. As a result, there is no potential difference between the emitter and 

collector terminals of the n-p-n bipolar device 30 and consequently memory cell 

450d is not in a holding mode. However, because the write operation is 

accomplished much faster (in the order of nanoseconds) compared to the lifetime 

of the charge in the floating body 24 (in the order of milliseconds), it should 

cause little disruption to the charge stored in the floating body. 

[00794] For unselected representative memory cell 450e sharing the same WL 

terminal 70a but not the same SL terminal 72 nor BL terminal 7 4 as the selected 

memory cell 450a, the SL terminal remains positively biased. As a result, 

memory cell 450e will still be in a holding mode, where memory cells in state 

logic-1 will maintain the charge in floating body 24 because the intrinsic bipolar 

device 30 will generate holes current to replenish the charge in floating body 24, 

and while memory cells in state logic-0 will remain in a neutral state. There is a 

possible write disturb issue with mem01y cell 450e in this case which will be 

discussed in more detail below in conjunction with Figs. 73A through 73B. 

[00795] For unselected representative memory cell 450f sharing the same SL 

terminal 72b but not the same WL terminal 70 nor BL terminal 7 4 as the 

selected memory cell 450a, both the SL terminal 72 and BL terminal 7 4 are now 

grounded. As a result, there is no potential difference between the emitter and 

collector terminals of the n-p-n bipolar device 30 and consequently memory cell 

450fis no longer in a holding mode. However, because the write operation is 

accomplished much faster (in the order of nanoseconds) compared to the lifetime 

of the charge in the floating body 24 (in the order of milliseconds), it should 

cause little disruption to the charge stored in the floating body. 
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[00796] For unselected representative memory cell 450g sharing the same BL 

terminal 7 4a but not the same WL terminal 70 nor SL terminal 72, a positive 

bias is applied to the BL terminal 7 4a and the SL terminal 72n+ 1. As a result, 

there is no potential difference behveen the emitter and collector terminals of the 

n-p-n bipolar device 30 and consequently memory cell 450g is no longer in a 

holding mode. However, because the write operation is accomplished much 

faster (in the order of nanoseconds) compared to the lifetime of the charge in the 

floating body 24 (in the order of milliseconds), it should cause little disruption to 

the charge stored in the floating body. 

[00797] For unselected representative memory cell 450h not sharing WL, BL, and 

SL terminals 70, 7 4 and 72 respectively as the selected mem01y cell 450a, the 

SL terminal 72n+ 1 will remain positively charged and the BL terminal 7 4b and 

the WL terminal 70n are grounded. As can be seen, memory cell 450h will be at 

holding mode, where memory cells in state logic-1 will maintain the charge in 

floating body 24 because the intrinsic bipolar device 30 will generate holes 

current to replenish the charge in floating body 24; while mem01y cells in state 

logic-0 will remain in neutral state. 

[00798] Figs. 73A and 73B illustrate the bias conditions of representative 

memory cell 450e under the bias conditions shown in Fig. 72. Memory cell 450e 

is coupled to word line terminal 70a biased at + 1. 2V, bit line terminal 7 4 b biased 

at 0. OV, and source line terminal 72a biased at + 1. 2V. The concern is that the 

floating body region 24 of memory cell 450e boosted by capacitive coupling 

from word line 70a while having 1.2 volts of bias across it- albeit of the 

opposite voltage potential of selected representative memory cell 450a. If bipolar 

device 30 were to tum on under these conditions, a write disturb condition 

(writing an unwanted logic-1 in an unselected mem01y cell) would occur with a 

logic-1 being written into unselected memory cell 450e. 

[00799] One solution to the write disturb in representative memory cell 450e is to 

design memory cell 450 such that the impact ionization is less efficient at 

generating charge carriers when the source line terminal 72 is positively biased 

than it is in the case when the bit line terminal 74 is positively biased using 

techniques lmown in the art. This creates enough current to place representative 
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memory cell 450e in a holding mode while generating a larger current sufficient 

for writing a logic-1 in memory cell 450a. 

[00800] Alternatively, a different set of bias conditions may be used as illustrated 

in Fig, 37 which shows another example of writing logic-1 into selected memory 

cell 450a in memory array 480 using impact ionization. As in Fig. 72, the 

positive bias applied to the WL terminal 70a and the positive bias applied to the 

BL terminal 7 4a of the selected representative memory cell 450a results in hole 

injection to the floating body 24 of the selected mem01y cell 450 as discussed 

above with reference to Lin cited above. The SL terminal 72b and the substrate 

terminals 78a through 78n+ 1 are grounded during the write logic-1 operation. 

The difference in this write logic-1 operation are the bias conditions of the 

unselected bit lines 7 4b through 7 4p and the unselected source lines 72a and 72c 

(not shown) through 72n+ 1. 

[00801] As further illustrated in Fig. 7 4, in one particular non-limiting 

embodiment, the following bias conditions are applied to the selected mem01y 

cell 450a: a potential of about 0.0 volts is applied to SL terminal 72b, a potential 

of about+ 1.2 volts is applied to BL terminal 7 4a, a potential of about+ 1.2 volts 

is applied to WL terminal 70a, and about 0.0 volts is applied to substrate 

terminals 78a through 78n+ 1. This bias condition causes selected representative 

memory cell 450a to conduct current due to the impact ionization mechanism 

discussed with reference to Lin cited above. The combination of+ 1.2V on word 

line terminal and+ 1.2V on bit line terminal 7 4a turns on the bipolar device 30 in 

representative mem01y cell 450a regardless of its prior logic state and generating 

sufficient hole charge in its floating body 24 to place it in the logic-1 state. 

[00802] Also shown in Fig. 7 4, the following bias conditions are applied to the 

unselected terminals: about +0.6 volts is applied to unselected SL terminals 72a 

and 72c (not shown) through 72n+ 1, about +0.6 volts is applied to unselected BL 

terminals 7 4b through 7 4p, a potential of about 0.0 volts is applied to unselected 

WL terminals 70 b through 70n+ 1, and about 0.0 volts is applied to substrate 

terminals 78a through 78n+ 1. 

[00803] For unselected representative memory cell 450b sharing the same WL 

terminal 70a and BL terminal 7 4a but not the same SL terminal 72 as the 

selected mem01y cell 450a, both BL and SL terminals are positively biased with 
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a larger bias applied to the BL than the SL. As a result, bipolar device 30 is on 

and memory cell 450b is in a holding mode, where memory cells in state logic-1 

will maintain the charge in floating body 24 because the intrinsic bipolar device 

30 will generate hole current to replenish the charge in floating body 24, while 

memory cells in state logic-0 will remain in the neutral state. 

[00804] For unselected representative memory cell 450c sharing the same SL 

terminal 72b and BL terminal 7 4a but not the same WL terminal 70 as the 

selected memory cell 450a, the SL terminal 72b is now grounded with the BL 

terminal now positively biased. As a result, memory cell 450c will be in a 

holding mode, where memory cells in state logic-1 will maintain the charge in 

floating body 24 because the intrinsic bipolar device 30 will generate hole 

current to replenish the charge in floating body 24, while memory cells in state 

logic-0 will remain in the neutral state. 

[00805] For unselected representative memory cell 450d sharing the same WL 

terminal 70a and SL terminal 72b but not the same BL terminal 7 4 as the 

selected memory cell 450a, the SL terminal 72b is now grounded and the BL 

terminal 7 4b has a slight positive bias. As a result, memory cell 450d will be in a 

holding mode, where memory cells in state logic-1 will maintain the charge in 

floating body 24 because the intrinsic bipolar device 30 will generate hole 

current to replenish the charge in floating body 24, while memory cells in state 

logic-0 will remain in the neutral state. 

[00806] For unselected representative memory cell 450e sharing the same WL 

terminal 70a but not the same SL terminal 72 nor BL terminal 7 4 as the selected 

memory cell 450a, the SL terminal 72a and the BL terminal 7 4b both have a 

slight positive bias. As a result, there is no potential difference between the 

emitter and collector terminals of the n-p-n bipolar device 30 and consequently 

memory cell 450e is no longer in a holding mode. However, because the write 

operation is accomplished much faster (in the order of nanoseconds) compared 

to the lifetime of the charge in the floating body 24 (in the order of 

milliseconds), it should cause little disruption to the charge stored in the floating 

body. This also eliminates the potential write disturb condition for representative 

memory cell 450e present with the bias conditions of Figs. 35, 36A and 36B. 
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[00807] For unselected representative memory cell 450f sharing the same SL 

terminal 72b but not the same WL terminal 70 nor BL terminal 7 4 as the 

selected memory cell 450a, the SL terminal 72b is grounded and BL terminal 

74b has a small positive bias. As a result, memory cell 450fvvill be in a holding 

mode, where memory cells in state logic-1 will maintain the charge in floating 

body 24 because the intrinsic bipolar device 30 will generate hole current to 

replenish the charge in floating body 24, while memory cells in state logic-0 will 

remain in the neutral state. 

[00808] For unselected representative memory cell 450g sharing the same BL 

terminal 7 4a but not the same WL terminal 70 nor SL terminal 72, a positive 

bias is applied to the BL terminal 7 4a and a smaller positive bias is applied to SL 

terminal 72n+ 1. As a result, memory cell 450g will be in a holding mode, where 

memory cells in state logic-1 vvill maintain the charge in floating body 24 

because the intrinsic bipolar device 30 will generate hole current to replenish the 

charge in floating body 24, while memory cells in state logic-0 will remain in the 

neutral state. 

[00809] For unselected representative memory cell 450h not sharing WL, BL, and 

SL terminals 70, 7 4 and 72 respectively as the selected mem01y cell 450a, the 

SL terminal 72n+ 1 and the BL terminal 7 4b will have a slight positive bias while 

the WL terminal 70n is grounded. As a result, there is no potential difference 

between the emitter and collector terminals of the n-p-n bipolar device 30 and 

consequently memory cell 450e is no longer in a holding mode. However, 

because the write operation is accomplished much faster (in the order of 

nanoseconds) compared to the lifetime of the charge in the floating body 24 (in 

the order of milliseconds), it should cause little disruption to the charge stored in 

the floating body. 

[0081 O] Different structures and methods of operation have been discussed with 

respect to exemplary memory array 480 comprised of a plurality of memory 

cells 450. Many other embodiments are possible within the scope of the 

invention. For example, regions of the first conductivity type may be changed 

from p-type ton-type and regions of the second conductivity type may be 

changed from n-type top-type combined with a reversal of the polarities of the 

bias voltages for various operations. The bias levels themselves are exemplary 
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only and vvill vary from embodiment to embodiment as a matter of design 

choice. Memory array 480 may be altered so that the outside rows share a source 

line 72 with the adjacent row and have a dedicated word line 70. Many other 

embodiments vvill readily suggest themselves to persons skilled in the art, thus 

the invention is not to be limited in any way except by the appended claims. 

[00811] It is noteworthy that memory cell 250V constructed using either of the 

fin structures 52 and 52A described in conjunction with Figs. 56 through 58B 

can be used to replace memory cell 450 in memory array 480 with shared word 

lines with or without shared source lines and vvill function in a manner similar to 

that described for memory cell 450. Many other modifications may also made to 

array 450. For example, the first and second conductivity types may be reversed 

in either memory cell 450 or memory cell 250V with reversal of the relative 

polarities of the applied voltages. All of the voltage levels described are 

exemplary only and will vary from embodiment to embodiment as a matter of 

design choice. Thus the invention is not to be limited in any way. 

[00812] Fig. 75A shows another embodiment of the memory device 450, in 

which adjacent regions 16, which are separated by insulating layer 28, share a 

common coJlllection to BL terminal 7 4 through contact 64. By sharing a 

common coJlllection to the BL terminal 7 4, a more compact memory cell can be 

obtained as only one contact is required for each two memory cells 450. 

[00813] Another embodiment of memory cell 450 is shown in Fig. 75B, where bit 

line region 16 and contact 64 are now shared between two adjacent memory 

cells 450. Isolation of the adjacent floating body 24 regions of a first 

conductivity type is achieved through both insulating region 33 and bit line 

region 16 of a second conductivity type. 

[00814] Figs. 76A through 760 describe a method of manufacturing memory cell 

450 as shown in Fig. 75B created using, in part, a replacement insulator 

technique like that described in S _Kim and Oh discussed above to create 

insulating region 33. 

[00815] A method of manufacturing memory cell 450 as shown in Fig. 75B will 

be described with reference to Figs. 76A through 76AA. These 27 figures are 

arranged in groups of three related views, with the first figure of each group 

being a top view, the second figure of each group being a vertical cross section 
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of the top view in the first figure of the group designated I-I', and the third figure 

of each group being a horizontal cross section of the top view in the first figure 

ofthegroup designated II-II'. Thus Figs. 76A, 76D, 76G, 761, 76M, 76P, 76S, 

76V, and 76Y are a series of top views of the mem01y cell 450 at various stages 

in the manufacturing process, Figs. 76B, 76E, 76H, 76K, 76N, 76Q, 76T, 76W, 

and 7 6Z are their respective vertical cross sections labeled I-I', and Figs. 7 6C, 

76F, 76I, 76L, 760, 76R, 76U, 76X, and 76AA are their respective horizontal 

cross sections labeled 11-11'. Identical reference numbers from earlier drawing 

figures appearing in Figs. 76A through 76AA represent similar, identical, or 

analogous structures as previously described in conjunction with the earlier 

drawing figures. Here ''vertical" means running up and down the page in the top 

view diagram and "horizontal" means running left and right on the page in the 

top view diagram. In the physical embodiment of memory cell 450, both cross 

sections are "horizontal" with respect to the surface of the semiconductor device. 

[00816] As illustrated in Figs. 76A through 76C, a thin conductive region 202 

(e.g. 300A in an exemplary 130 nm process, though this will vary with 

embodiments in different process technologies and geometries) is grown on the 

surface of substrate 12. The conductive region 202 is comprised of a different 

material from the materials of the substrate region 12 so that it may be 

selectively etched away later without simultaneous unwanted etching of 

substrate 12. For example, the conductive region 202 could be made of silicon 

germanium (Si Ge) material, while substrate 12 could be made of silicon. 

[ 0081 7] As illustrated in Figs. 7 6D through 7 6F, a lithography process is then 

performed to pattern the conductive region 202. Subsequently, layer 202 is 

etched, followed by another conductive region 204 growth. As an example, the 

thickness ofregion 204 is about 500A in an exemplary 130 nm process. Region 

204 may comprise of the same materials forming substrate 12, for example 

silicon. A planarization step can then be performed to ensure a planar surface. 

The resulting structure can be seen in Figs. 76D through 76F. 

[00818] As illustrated in Figs. 76G through 76H, a trench formation process is 

then performed, which follows a similar sequence of steps as shown in Figs. 2A 

through 2I, i.e. formation of silicon oxide 220, polysilicon 222, and silicon 

nitride 224 layers, followed by lithography patterning and etch processes. Trench 
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216 is etched such that the trench depth is deeper than that of trench 208. For 

example, the trench 208 depth is about l 200A, while the trench 216 depth is 

about 2000A in an exemplary 130 nm process. The resulting structures are 

shown in Figs. 76G through 761. 

[00819] As illustrated in Figs. 76J through 76L, this is then followed by silicon 

oxidation step, which will grow silicon oxide films in trench 208 and trench 216. 

For example, about 4000A silicon oxide can be grown in an exemplary 130 nm 

process. A chemical mechanical polishing step can then be performed to polish 

the resulting silicon oxide films so that the silicon oxide layer is flat relative to 

the silicon surface. A silicon dry etching step can then be performed so that the 

remaining silicon oxide layer height is about 300A from the silicon surface in an 

exemplary 130 nm process. The silicon nitride layer 224 and the polysilicon 

layer 222 can then be removed, followed by a wet etch process to remove silicon 

oxide layer 220 (and a portion of the silicon oxide films formed in the area of 

former trench 208 and trench 216). Figs. 76J through 76L show the insulating 

layers 26 and 28 formed following these steps. 

[00820] As illustrated in Figs. 76M through 760, an oxide etch is then performed 

to recess the oxide regions 26 and 28 (for example by about lOOOA) to expose 

the conductive region 202. A wet etch process is then performed to selectively 

remove region 202 leaving an gap 203 under an overhanging portion of region 

204. The resulting structures following these steps are shown in Figs. 76M 

through 7 60. 

[ 00821] As illustrated in Figs. 7 6P through 7 6R, the resulting gap region 203 is 

then oxidized to form a buried oxide region 33. Recessing insulating region 26 

down to the surface of substrate 12 allows access for the etch of region 202 to 

form gap 203 and then subsequent oxide growth in gap 203 to form buried oxide 

region 33. The overhanging portion ofregion 204 constrains the oxide growth in 

gap space 203 to keep the buried oxide region 33 from growing to the surface. 

The resulting structures are shown in Figs. 76P through 76R. 

[00822] As illustrated in Figs. 76S through 76U, an oxide deposition of about 

1 OOOA is then performed followed by a planarization process. This is then 

followed by an ion implantation step to form the buried well region 22. The ion 

implantation energy is optimized such that the buried layer region 22 is formed 
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shallower than the bottom of the insulating layer 26. As a result, the insulating 

layer 26 isolates buried layer region 22 between adjacent cells. On the other 

hand, the buried layer region 22 is formed such that insulating layers 28 and 33 

do not isolate buried layer region 22, allowing buried layer region 22 to be 

continuous in the direction of 11-11' cross section line. Following these steps, the 

resulting structures are shown in Figs. 76S through 76U. 

[00823] As illustrated in Figs. 76\1 through 76X, a silicon oxide layer (or high-

dielectric materials) 62 is then formed on the silicon surface (e.g. about lOOA in 

an exemplary 13 0 nm process), followed by a pol ysilicon (or metal) gate 60 

deposition (e.g. about 500A in an exemplary 130 nm process). A lithography 

step is then performed to form the pattern for the gate and word line, followed by 

etching of the polysilicon and silicon oxide layers where they are not waned. The 

resulting structure is shown in Figs. 7 6\1 -7 6X. 

[00824] As illustrated in Figs. 76Y through 76AA, another ion implantation step 

is then performed to form the bit line region 16 of a second conductivity type 

(e.g. n-type conductivity). The gate 60 and the insulating layers 26 and 28 serve 

as masking layer for the implantation process such that regions of second 

conductivity are not formed outside bit line region 16. This is then followed by 

backend process to form contact and metal layers. 

[00825] Figs. 77 A through 77F illustrate an embodiment of a Gateless Half 

Transistor memory cell. Memory cell 550 according to the present invention 

eliminates the gate terminal present in earlier memory cells such as mem01y cell 

250 allowing a more compact layout since some design rules like gate-to­

contact-spacing no longer affect the minimum cell size. 

[00826] Present in Figs. 77A through 77F are substrate 12 of the first 

conductivity type, buried layer 22 of the second conductivity type, bit line region 

16 of the second conductivity type, region of the second conductivity type 20, 

region of the first conductivity type 21, buried layer region 22, floating body 24 

of the first conductivity type, insulating regions 26 and 28, source line terminal 

72, and substrate terminal 78 all of which perform substantially similar functions 

in memory cell 550 as in previously discussed embodiment memory cell 250. 

The primary difference between memory cell 550 and memory cell 250 

previously discussed is the absence of gate 60 and gate insulator 62. As in other 
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embodiments, there is no contact to the buried layer 22 at the semiconductor 

surface 14 inside the boundary of memory cell 550. 

[00827] The manufacturing of memory cell 550 is substantially similar to the 

manufacturing of memory cell 250 described in conjunction vvith Figs. 36A 

through 36U, except that instead of a lithographic step for forming gate 60, a 

different lithographic step is needed to pattern bit line region 16 for implantation 

or diffusion. 

[00828] Fig. 77A illustrates a top view of memory cell 550 vvith several near 

neighbors. 

[00829] Fig. 77B illustrates a top view a single memory cell 550 with vertical cut 

line I-I' and horizontal cut line II-II' for the cross sections illustrated in Figs. 

77C and 77D respectively. 

[00830] Fig. 77E shows how memory cell 550 may have its buried layer 22 

coupled to source line terminal 72 through region 20 of the second conductivity 

type and its substrate 12 coupled to substrate terminal 78 through region of first 

conductivity type 21. 

[00831] Fig. 77F shows exemplary mem01y array 580 which vvill be used in 

subsequent drawing figures to illustrate the various operations that may be 

performed on memory cell 550 when arranged in an array to create a memory 

device. Array 580 comprises in part representative memory cells 550a, 550b, 

550c and 550d. In operations where a single memory cell is selected, 

representative mem01y cell 550a vvill represent the selected cell while the other 

representative mem01y cells 550b, 550c and 550d vvill represent the various 

cases of unselected memory cells sharing a row, sharing a column, or sharing 

neither a row or a column respectively vvith selected representative memory cell 

550a. Similarly in the case of operations performed on a single row or column, 

representative mem01y cell 550a vvill always be on the selected row or column. 

[00832] \Vhile the drawing figures show the first conductivity type as p-type and 

the second conductivity type as n-type, as vvith previous embodiments the 

conductivity types may be reversed vvith the first conductivity type becoming n­

type and the second conductivity type becoming p-type as a matter of design 

choice in any particular embodiment. 
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[00833] The memory cell states are represented by the charge in the floating body 

24, which modulates the intrinsic n-p-n bipolar device 230 formed by buried 

well region 22, floating body 24, and BL bit line region 16. If cell 550 has holes 

stored in the body region 24, then the memory cell will have a higher bipolar 

current (e.g. current flowing from BL to SL terminals during read operation) 

compared to if cell 550 does not store holes in body region 24. 

[00834] The positive charge stored in the body region 24 will decrease over time 

due to the p-n diode leakage formed by floating body 24 and bit line region 16 

and buried layer 22 and due to charge recombination. A unique capability of the 

invention is the ability to perform the holding operation in parallel to all memory 

cells of the array. 

[00835] An entire array holding operation is illustrated in Fig. 78A while a single 

row holding operation is illustrated in Fig. 78B. The holding operation can be 

performed in a manner similar to the holding operation for memory cell 250 by 

applying a positive bias to the back bias terminal (i.e. SL terminal 72) while 

grounding terminal 74 and substrate terminal 78. If floating body 24 is positively 

charged (i.e. in a state logic-1 ), the n-p-n bipolar transistor 230 formed by BL bit 

line region 16, :floating body 24, and buried well region 22 will be turned on. 

[00836] A fraction of the bipolar transistor current will then flow into floating 

region 24 (usually referred to as the base current) and maintain the state logic-1 

data. The efficiency of the holding operation can be enhanced by designing the 

bipolar device formed by buried well region 22, floating region 24, and bit line 

region 16 to be a low-gain bipolar device, where the bipolar gain is defined as 

the ratio of the collector current flowing out of SL terminal 72 to the base 

current flowing into the floating region 24. 

[00837] For memory cells in state logic-0 data, the bipolar device will not be 

turned on, and consequently no base hole current will flow into floating region 

24. Therefore, memory cells in state logic-0 will remain in state logic-0. 

[00838] A periodic pulse of positive voltage can be applied to the SL terminal 72 

as opposed to applying a constant positive bias to reduce the power consumption 

of the memory cell 550. 

[00839] An example of the bias condition for the holding operation is hereby 

provided: zero voltage is applied to BL terminal 7 4, a positive voltage is applied 
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to SL terminal 72, and zero voltage is applied to the substrate terminal 78. In one 

particular non-limiting embodiment, about+ 1.2 volts is applied to terminal 72, 

about 0.0 volts is applied to terminal 7 4, and about 0.0 volts is applied to 

terminal 78. However, these voltage levels may vary from embodiment to 

embodiment as a matter of design choice. 

[00840] In the entire array holding operation of Fig. 78A, all of the source line 

terminals 72a through 72n are biased at +1.2V, all of the bit lines 74a through 

74p are biased to O.OV, and all of the source terminals 78a through 78n are 

biased to O.OV. This places all of the cells in memory array 580 in the hold state. 

[00841] In the single row hold operation of Fig. 78B, selected source line 

terminal 72a is biased at+ l .2V while the unselected source line terminals 72b 

(not shown) through 72n are biased at O.OV, all of the bit lines 74a through 74p 

are biased to O.OV, and all of the source terminals 78a through 78n are biased to 

O.OV. This places all of the selected cells in memory array 280 in the hold state. 

[00842] A single memory cell read operation is illustrated in Figs. 79 and 80A 

through 80H. The read operation for memory cell 550 can be performed by 

sensing the current of the bipolar device 230 by applying the following bias 

condition: a positive voltage is applied to the selected BL terminal 7 4, zero 

voltage is applied to the selected SL terminal 72, and zero voltage is applied to 

the substrate terminal 78. The positive voltage applied to the selected BL 

terminal is less than or equal to the positive voltage applied to the SL terminal 

during holding operation. The unselected BL terminals will remain at zero 

voltage and the unselected SL terminals will remain at positive voltage. 

[00843] Fig. 79 shows the bias condition for the selected memory cell 550a and 

unselected memory cells 550b, 550c, and 550d in memory array 280. In this 

particular non-limiting embodiment, about 0.0 volts is applied to the selected SL 

terminal 72a while about O.OV is applied to the unselected source line terminals 

72b (not shown) through 72n, about+ 1.2 volts is applied to the selected BL 

terminal 7 4a while O.OV is applied to the unselected bit line terminals 7 4b 

through 7 4p, and about 0.0 volts is applied to substrate terminals 78a through 

78n. These voltage levels are exemplary only and may vary from embodiment to 

embodiment. 
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[00844] In Figs. SOA and SOB, the bias conditions for selected representative 

memory cell 550a are shmvn. In this particular non-limiting embodiment, about 

0.0 volts is applied to the selected SL terminal 72a, about+ 1.2 volts is applied to 

the selected BL terminal 74a, and about 0.0 volts is applied to substrate terminal 

7S (not shmvn). This causes current to flow through intrinsic bipolar device 230 

ifthe floating body is positively charged and no current to flow ifthe floating 

body is discharged since the bipolar device 230 is off 

[00845] The unselected memory cells during read operations are shown in Figs. 

SOC through SOH. The bias conditions for memory cells sharing the same row 

(e.g. memory cell 550b) are shown in Figs. SOC and SOD. The bias conditions 

for memory cells sharing the same column (e.g. memory cell 550c) as the 

selected memory cell 550a are shown in Figs. SOE and SOF. The bias conditions 

for memory cells sharing neither the same row nor the same column as the 

selected memory cell 550a (e.g. memory cell 550d) are shown in Fig. SOG-SOH. 

[00846] As illustrated in Figs. SOC and SOD, for memory cell 550b sharing the 

same row as the selected memory cell 550a, the SL terminal 72a and the BL 

terminal 7 4p are both biased to O.OV and consequently these cells will not be at 

the holding mode. However, because read operation is accomplished much faster 

(in the order of nanoseconds) compared to the lifetime of the charge in the 

floating body 24 (in the order of milliseconds), it should cause little disruption to 

the charge stored in the floating body. 

[00847] As illustrated in Figs. SOE and SOF, for memory cell 550c sharing the 

same column as the selected memory cell 550a, a positive voltage is applied to 

the BL terminal 74a and SL terminal 72n. No base current will flow into the 

floating body 24 because there is no potential difference between SL terminal 72 

and BL terminal 74 (i.e. the emitter and collector terminals of the n-p-n bipolar 

device 230). However, because read operation is accomplished much faster (in 

the order of nanoseconds) compared to the lifetime of the charge in the floating 

body 24 (in the order of milliseconds), it should cause little disruption to the 

charge stored in the floating body. 

[00848] As illustrated in Figs. SOG and SOH, for memory cell 550d sharing 

neither the same row nor the same column as the selected memory cell 550a, 

both the SL terminal 72n will remain positively charged and the BL terminal 74p 
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remain grounded. Representative memory cell 550d vvill be in the holding mode, 

where memory cells in state logic-1 vvill maintain the charge in floating body 24 

because the intrinsic bipolar device 230 vvill generate hole current to replenish 

the charge in floating body 24, while memory cells in state logic-0 vvill remain in 

neutral state. 

[00849] The various voltage bias levels above are exemplary only. They vvill vary 

from embodiment to embodiment as a function of both design choice and the 

process technology used. 

[00850] Figs. 81 illustrates a single row write logic-0 operation while Figs. 82A 

and 82B illustrate the biasing conditions and operation of unselected 

representative memory cell 550c. In Fig. 81 the selected row SL terminal 72a is 

biased negatively at about -0.5V while the unselected row SL terminals 72b (not 

shown) through 72n are biased at about O.OV, all the BL terminals 74a through 

74p are biased at O.OV, and all the substrate terminals 78a through 78n are biased 

at O.OV. This causes the selected cells 550 like representative mem01y cells 550a 

and 550b to have their bipolar devices tum on due to forward bias on the floating 

body 24 to buried layer 22 junction evacuating the holes from the floating body 

24. 

[00851] Figs. 82A and 82B show the operation of unselected representative 

memory cell 550c which in this case is representative of all the memory cells 

550 in memory array 280 not on the selected row. Memory cell 550c has its SL 

terminal 72n at+ 1.2V and its BL terminal 74a at O.OV which corresponds to the 

holding operation described above in conjunction vvith Figs. 78A and 78B. 

[00852] A write logic-0 operation can also be performed on a column basis by 

applying a negative bias to the BL terminal 74 as opposed to the SL terminal 72. 

The SL terminal 72 vvill be zero or positively biased, while zero voltage is 

applied to the substrate terminal 78. Under these conditions, all mem01y cells 

sharing the same BL terminal 7 4 vvill be written into state logic-0 and all the 

other cells vvill be in a holding operation. 

[00853] The various voltage bias levels above are exemplary only. They vvill vary 

from embodiment to embodiment as a function of both design choice and the 

process technology used. 
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[00854] A write logic-1 operation can be performed on memory cell 550 through 

impact ionization as described for example vvith reference to Lin above. 

[00855] An example of the bias condition of the selected mem01y cell 550a under 

impact ionization write logic-1 operation is illustrated in Fig. 83 and Figs. 84A 

through 84B. A positive bias is applied to the BL terminal 74, while zero voltage 

is applied to the selected SL terminal 72 and substrate terminal 78. The positive 

bias applied to the BL terminal 7 4 is greater than the positive voltage applied to 

the SL terminal 72 during holding operation. The positive bias applied to the BL 

terminal is large enough to tum on bipolar device 230 regardless of the initial 

state of the data in selected memory cell 550a. This results in a base hole current 

to the floating body 24 of the selected mem01y cell 550a charging it up to a 

logic-1 state. 

[00856] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected mem01y cell 550a: a potential of about 0.0 volts is 

applied to selected SL terminal 72a, a potential of about +2.0 volts is applied to 

selected BL terminal 7 4a, and about 0.0 volts is applied to substrate terminals 

78a through 78n. The following bias conditions are applied to the unselected 

terminals: about+ 1.2 volts is applied to SL terminals 72b (not shown) through 

72n, and about 0.0 volts is applied to BL terminals 7 4b through 7 4p. Fig. 83 

shows the bias condition for the selected and unselected memory cells in 

memory array 580. The various voltage bias levels above are exemplary only. 

They will vary from embodiment to embodiment as a function of both design 

choice and the process teclmology used. 

[00857] The unselected memory cells during write logic-1 operations are shown 

in Figs. 84C through 84H. The bias conditions for memory cells sharing the 

same row (e.g. memory cell 550b) are shown in Figs. 84C through 84D, the bias 

conditions for memory cells sharing the same column as the selected memory 

cell 550a (e.g. memory cell 550c) are shown in Figs. 84E through 84F, and the 

bias conditions for mem01y cells 550 not sharing the same row nor the same 

column as the selected memory cell 550a (e.g. memory cell 550d) are shown in 

Figs. 84G through 84H. 

[00858] As shown in Figs. 84C and 84D, for representative memory cell 550b 

sharing the same row as the selected mem01y cell 550a, SL terminal 72a and BL 
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terminal 7 4p are be grounded. Bipolar device 230 vvill be off and the memory 

cell 550b vvill not be at the holding mode. However, because vvrite operation is 

accomplished much faster (in the order of nanoseconds) compared to the lifetime 

of the charge in the :floating body 24 (in the order of milliseconds), it should 

cause little disruption to the charge stored in the floating body. 

[00859] As shown in Figs. 84E and 84F, for representative memory cell 550c 

sharing the same column as the selected mem01y cell 550a, a greater positive 

voltage is applied to the BL terminal 7 4a and a lesser positive voltage is applied 

to SL terminal 72n. Less base current vvill flow into the floating body 24 than in 

selected mem01y cell 550a because of the lower potential difference between SL 

terminal 72 and BL terminal 74 (i.e. the emitter and collector terminals of then­

p-n bipolar device 230). However, because vvrite operation is accomplished 

much faster (in the order of nanoseconds) compared to the lifetime of the charge 

in the floating body 24 (in the order of milliseconds), it should cause little 

disruption to the charge stored in the floating body. 

[00860] As shown in Figs. 84G and 84H, for representative memory cell 550d 

sharing neither the same column nor the same row as the selected memory cell 

550a, the SL terminal 72 is positively charged and the BL terminal is grounded. 

Representative memory cell 550d vvill be at holding mode, where memory cells 

in state logic-1 vvill maintain the charge in floating body 24 because the intrinsic 

bipolar device 230 vvill generate hole current to replenish the charge in floating 

body 24 and where mem01y cells in state logic-0 will remain in neutral state. 

[00861] The various voltage bias levels above are exemplary only. They vvill vary 

from embodiment to embodiment as a function of both design choice and the 

process technology used. Also, the first conductivity type may be changed from 

p-type ton-type and the second conductivity type may be changed from n-type 

top-type, and the polarities of the applied biases may be reversed. Thus the 

invention is not to be limited in any way except by the appended claims. 

[00862] A vertical stack of alternating conductive regions of first conductivity 

type and second conductivity type has been described in J _Kim discussed above, 

where a gate is overlaid surrounding the body region 24 on two sides. By 

removing the gates, a more compact mem01y cell than that reported in J _Kim 

can be obtained as in memory cell 350 discussed below. 
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[00863] Figs. SSA through SSF illustrate another embodiment of a Gateless Half 

Transistor memory cell. By allowing the bit line region 16 to completely cover 

the floating body region 24 in memory cell 6SO, some design rules like 

minimum-diffusion-to-insulator-spacing (the space from 16 to 26 in memory cell 

SSO) no longer affects the cell size. Present in Figs. SSA through SSF are 

substrate 12 of the first conductivity type, buried layer 22 of the second 

conductivity type, bit line region 16 of the second conductivity type, region of 

the second conductivity type 20, region of the first conductivity type 21, floating 

body 24 of the first conductivity type, buried layer region 22, insulating regions 

26 and 2S, source line terminal 72, and substrate terminal 7S all of which 

perform substantially similar functions in memory cell 6SO as in previously 

discussed embodiment memory cell SSO. The primary difference behveen 

memory cell 6SO and memory cell SSO previously discussed is that bit line 

region 16 completely covers a (now smaller) floating body region 24 allowing 

for a more compact memory cell. As in other embodiments, there is no contact to 

the buried layer 22 at the semiconductor surface 14 inside the boundary of 

memory cell 6SO. 

[00864] The manufacturing of memory cell 6SO is substantially similar to the 

manufacturing of memory cell 2SO described in conjunction with Figs. 36A 

through 36U and memory cell SSO described in conjunction with Figs 77 A 

through 77F above, except that bit line region 16 may be formed by an 

implantation process formed on the material making up substrate 12 according to 

any of implantation processes known and typically used in the art. Alternatively, 

solid state diffusion or epitaxial growth process may also be used to form bit line 

region 16. 

[00865] Fig. SSA illustrates a top view of memory cell 6SO with several near 

neighbors. 

[00866] Fig. SSB illustrates a top view a single memory cell 6SO with vertical cut 

line I-I' and horizontal cut line II-II' for the cross sections illustrated in Figs. 

SSC and SSD respectively. 

[00867] Fig. SSE shows how memory cell 6SO may have its buried layer 22 

coupled to source line terminal 72 through region 20 of the second conductivity 
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type and its substrate 12 coupled to substrate terminal 78 through region 21 of 

the first conductivity type. 

[00868] Fig. 87F shows exemplary mem01y array 680 comprising multiple 

memory cells 650 when arranged in an array to create a memory device. The 

circuit operation of memory cell 650 is substantially identical to that of memory 

cell 550 and will not be discussed further. 

[00869] \Vhile the drawing figures show the first conductivity type as p-type and 

the second conductivity type as n-type, as with previous embodiments the 

conductivity types may be reversed with the first conductivity type becoming n­

type and the second conductivity type becoming p-type as a matter of design 

choice in any particular embodiment. 

[00870] An alternate method of operating memory cells 250, 350, and 450, which 

utilizes the silicon controlled rectifier (S CR) principle discussed above with 

reference to Widjaja, is now described. 

[00871] As shown in Fig. 86, inherent in memory cells 250, 350 and 450 is a Pl-

N2-P3-N 4 silicon controlled rectifier (SCR) device formed by two 

interconnected bipolar devices 32 and 34, with substrate 78 functioning as the Pl 

region, buried layer 22 functioning as the N2 region, body region 24 functioning 

as the P3 region and bit line region 16 functioning as the N 4 region. In this 

example, the substrate terminal 78 functions as the anode and terminal 7 4 

functions as the cathode, while body region 24 functions as a p-base to tum on 

the SCR device. If body region 24 is positively charged, the silicon controlled 

rectifier (SCR) device formed by the substrate, buried well, :floating body, and 

the BL junction will be turned on and if body region 24 is neutral, the SCR 

device will be turned off. 

[00872] The holding operation can be performed by applying the following bias: 

zero voltage is applied to BL terminal 74, zero or negative voltage is applied to 

WL terminal 70, and a positive voltage is applied to the substrate terminal 78, 

while leaving SL terminal 72 floating. Under these conditions, if memory cell 

250 is in memory/data state logic-1 with positive voltage in :floating body 24, the 

SCR device of memory cell 250 is turned on, thereby maintaining the state logic-

1 data. Memory cells in state logic-0 will remain in blocking mode, since the 

voltage in :floating body 24 is not substantially positive and therefore floating 
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body 24 does not tum on the SCR device. Accordingly, current does not flow 

through the SCR device and these cells maintain the state logic-0 data. Those 

memory cells 250 that are commonly coJlllected to substrate terminal 78 and 

which have a positive voltage in body region 24 will be refreshed with a logic-1 

data state, while those memory cells 250 that are commonly coJlllected to the 

substrate terminal 78 and which do not have a positive voltage in body region 24 

will remain in blocking mode, since their SCR device will not be turned on, and 

therefore mem01y state logic-0 will be maintained in those cells. In this way, all 

memory cells 250 commonly coJlllected to the substrate terminal will be 

maintained/refreshed to accurately hold their data states. This process occurs 

automatically, upon application of voltage to the substrate terminal 78, in a 

parallel, non-algorithmic, efficient process. In one particular non-limiting 

embodiment, a voltage of about 0.0 volts is applied to terminal 7 4, a voltage of 

about -1.0 volts is applied to terminal 70, and about +0.8 volts is applied to 

terminal 78. However, these voltage levels may vary, while maintaining the 

relative relationships there between. 

[00873] As illustrated in Fig. 87, a read operation can be performed by applying a 

positive voltage to the substrate terminal 78, a positive voltage (lower than the 

positive voltage applied to the substrate terminal 78) to BL terminal 7 4, a 

positive voltage to WL terminal 70, while leaving SL terminal 72 :floating. If cell 

250a is in a state logic-1 having holes in the body region 24, the silicon 

controlled rectifier (S CR) device formed by the substrate, buried well, floating 

body, and the BL junction will be turned on and a higher cell current (flowing 

from the substrate terminal 78 to the BL terminal 74) is observed compared to 

when cell 250 is in a state logic-0 having no holes in body region 24. A positive 

voltage is applied to WL terminal 70a to select a row in the memory cell array 

80 (e.g., see Fig. 87), while negative voltage is applied to WL terminals 70b (not 

shown) through 70n for any unselected rows. The negative voltage applied 

reduces the potential of floating body 24 through capacitive coupling in the 

unselected rows and turns off the SCR device of each cell 250 in each unselected 

row. In one particular non-limiting embodiment, about +0.8 volts is applied to 

substrate terminals 78a through 78n, about +0.5 volts is applied to terminal 70a 

(for the selected row), and about +0.4 volts is applied to selected bit line terminal 
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7 4a, about -1.0 volts is applied to unselected word line terminals 70b (not 

shown) through 70n, and about +0.8 volts is applied to unselected bit line 

terminals 74b through 74. However, these voltage levels may vary. 

[00874] For memory cells sharing the same row as the selected memory cell (e.g. 

cell 250b ), both the BL and substrate terminals are positively biased and the 

SCR is off Consequently these cells will not be at the holding mode. However, 

because read operation is accomplished much faster (in the order of 

nanoseconds) compared to the lifetime of the charge in the floating body 24 (in 

the order of milliseconds), it should cause little disruption to the charge stored in 

the floating body. 

[00875] For memory cells sharing the same column as the selected memory cell 

(e.g. cell 250c), the substrate terminal 78 remains positively biased while the BL 

terminal 7 4 is positively biased (at lower positive bias than that applied to the 

substrate terminal 78). As can be seen, these cells will be at holding mode, 

where memory cells in state logic-1 will maintain the charge in floating body 24 

while memory cells in state logic-0 will remain in neutral state. 

[00876] For memory cells sharing neither the same row nor the same column as 

the selected memory cell (e.g. cell 250d), both the BL and substrate terminals are 

positively biased and the SCR is off. Consequently these cells will not be at the 

holding mode. However, because read operation is accomplished much faster (in 

the order of nanoseconds) compared to the lifetime of the charge in the floating 

body 24 (in the order of milliseconds), it should cause little disruptions to the 

charge stored in the floating body. 

[00877] The silicon controlled rectifier device of selected memory cell 250a can 

be put into a state logic-1 (i.e., performing a write logic-1 operation) as 

described with reference to Fig. 88. The following bias is applied to the selected 

terminals: zero voltage is applied to BL terminal 7 4, a positive voltage is applied 

to WL terminal 70, and a positive voltage is applied to the substrate terminal 78, 

while SL terminal 72 is left floating. The positive voltage applied to the WL 

terminal 70 will increase the potential of the floating body 24 through capacitive 

coupling and create a feedback process that turns the SCR device on. Once the 

SCR device of cell 250 is in conducting mode (i.e., has been '"turned on") the 

SCR becomes ''latched on" and the voltage applied to WL terminal 70 can be 

168 

efiling
Rectangle



WO 2011/097592 PCT /US2011/02394 7 

Atty. Docket: ZEN0-012WO 

removed vvithout affecting the "on" state of the SCR device. In one particular 

non-limiting embodiment, a voltage of about 0.0 volts is applied to terminal 74, 

a voltage of about +0.5 volts is applied to terminal 70, and about +0.8 volts is 

applied to terminal 78. However, these voltage levels may vary, while 

maintaining the relative relationships between the voltages applied, as described 

above, e.g., the voltage applied to terminal 78 remains greater than the voltage 

applied to terminal 74. 

[00878] For memory cells sharing the same row as the selected memory cell (e.g. 

cell 250b ), the substrate terminal 78 is positively biased. However, because the 

BL terminal 74 is also positively biased, there is no potential difference between 

the substrate and BL terminals and the SCR is off Consequently these cells vvill 

not be at the holding mode. However, because the write logic-1 operation is 

accomplished much faster (in the order of nanoseconds) compared to the lifetime 

of the charge in the :floating body 24 (in the order of milliseconds), it should 

cause little disruption to the charge stored in the :floating body. 

[00879] For memory cells sharing the same column as the selected memory cell 

(e.g. cell 250c), the substrate terminal 78 remains positively biased while the BL 

terminal 7 4 is now grounded. As can be seen, these cells vvill be at holding 

mode, where memory cells in state logic-1 vvill maintain the charge in :floating 

body 24 while memory cells in state logic-0 vvill remain in neutral state. 

[00880] For memory cells not sharing the same row nor the same column as the 

selected memory cell (e.g. cell 250d), both the BL and substrate terminals are 

positively biased and the SCR is off. Consequently these cells vvill not be at the 

holding mode. However, because the write logic-1 operation is accomplished 

much faster (in the order of nanoseconds) compared to the lifetime of the charge 

in the :floating body 24 (in the order of milliseconds), it should cause little 

disruption to the charge stored in the :floating body. 

[00881] A write logic-0 operation to selected memory cell 250a is described vvith 

reference to Fig. 89. The silicon controlled rectifier device is set into the 

blocking (oft) mode by applying the following bias: zero voltage is applied to 

BL terminal 74a, a positive voltage is applied to WL terminal 70a, and zero 

voltage is applied to the substrate terminal 78, while leaving SL terminal 72a 

floating. Under these conditions the voltage difference between anode and 
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cathode, defined by the voltages at substrate terminal 78 and BL terminal 74, 

vvill become too small to maintain the SCR device in conducting mode. As a 

result, the SCR device of cell 250a vvill be turned off. In one particular non­

limiting embodiment, a voltage of about 0.0 volts is applied to terminal 74, a 

voltage of about +0.5 volts is applied to terminal 70, and about 0.0 volts is 

applied to terminal 78. However, these voltage levels may vary, while 

maintaining the relative relationships between the charges applied, as described 

above. 

[00882] For memory cells sharing the same row as the selected memory cell (e.g. 

cell 250b ), the substrate terminal 78 is grounded and the SCR vvill be off 

Consequently these cells vvill not be at the holding mode. However, because 

write operation is accomplished much faster (in the order of nanoseconds) 

compared to the lifetime of the charge in the floating body 24 (in the order of 

milliseconds), it should cause little disruption to the charge stored in the floating 

body. 

[00883] For memory cells sharing the same column as the selected memory cell 

(e.g. cell 250c), the substrate terminal 78 is positively biased while the BL 

terminal 7 4a is now grounded. As can be seen, these cells vvill be at holding 

mode, where memory cells in state logic-1 vvill maintain the charge in floating 

body 24 while memory cells in state logic-0 vvill remain in neutral state. 

[00884] For memory cells sharing neither the same row nor the same column as 

the selected memory cell (e.g. cell 250d), both the BL terminal 7 4p and substrate 

terminal 78 are positively biased and the SCR is off Consequently these cells 

vvill not be at the holding mode. However, because the write logic-0 operation is 

accomplished much faster (in the order of nanoseconds) compared to the lifetime 

of the charge in the floating body 24 (in the order of milliseconds), it should 

cause little disruption to the charge stored in the floating body. 

[00885] \Vhile one illustrative embodiment and method of use of the SCR 

operation of memory cell 250 has been described, other embodiments and 

methods are possible. For example, the first and second conductivity types may 

be reversed so that the first conductivity type is n-type and the second 

conductivity is p-type making the SCR a Nl-P2-N3-P4 device and reversing the 

polarity of applied voltages. Voltages given in the various example operations 
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are illustrative only and vvill vary from embodiment to embodiment as a matter 

of design choice. \Vhile substrate 12 is called a substrate for continuity of 

terminology and simplicity of presentation, substrate 12 may alternately be a 

well in either another well or a true substrate in a structure similar to that 

described in conjunction with Fig. 43B above. By substrate 12 being a well 

instead of a true substrate, manipulating the voltage level of substrate 12 as 

required in some SCR operations is facilitated. Many other alternative 

embodiments and methods are possible, thus the illustrative examples given are 

not limiting in any way. 

[00886] A novel semiconductor memory with an electrically floating body 

memory cell is achieved. The present invention also provides the capability of 

maintaining memory states employing parallel non-algorithmic periodic refresh 

operation. As a result, memory operations can be performed in an uninterrupted 

manner. Many embodiments of the present invention have been described. 

Persons of ordinary skill in the art vvill appreciate that these embodiments are 

exemplary only to illustrate the principles of the present invention. Many other 

embodiments vvill suggest themselves to such skilled persons after reading this 

specification in conjunction with the attached drawing figures. 

[00887] Referring now to Fig. 91, a memory cell 750 according to an 

embodiment of the present invention is shown. The cell 750 is fabricated on a 

silicon-on-insulator (SOI) substrate 12 having a first conductivity type (such as 

p-type conductivity), which consists of buried oxide (BOX) layer 22. 

[00888] A first region 16 having a second conductivity type, such as n-type, for 

example, is provided in substrate 12 and is exposed at surface 14. A second 

region 18 having the second conductivity type is also provided in substrate 12, 

and is also exposed at surface 14. Additionally, second region 18 is spaced apart 

from the first region 16 as shown in Fig. 1. First and second regions 16 and 18 

may be formed by an implantation process formed on the material making up 

substrate 12, according to any of implantation processes known and typically 

used in the art. Alternatively, a solid state diffusion process can be used to form 

first and second regions 16 and 18. 

[00889] A floating body region 24 having a first conductivity type, such asp-type 

conductivity type, is bounded by surface 14, first and second regions 16, 18, 
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buried oxide layer 22, and substrate 12. The floating body region 24 can be 

formed by an implantation process formed on the material making up substrate 

12, or can be grmvn epitaxially. A gate 60 is positioned in behveen the regions 

16 and 18, and above the surface 14. The gate 60 is insulated from surface 14 by 

an insulating layer 62. Insulating layer 62 may be made of silicon oxide and/or 

other dielectric materials, including high-K dielectric materials, such as, but not 

limited to, tantalum peroxide, titanium oxide, zirconium oxide, hafuium oxide, 

and/or aluminum oxide. The gate 60 may be made of polysilicon material or 

metal gate electrode, such as tungsten, tantalum, titanium and their nitrides. 

[00890] Cell 750 further includes word line (WL) terminal 70 electrically 

connected to gate 60, source line (SL) terminal 72 electrically connected to 

region 16, bit line (BL) terminal 74 electrically connected to region 18, and 

substrate terminal 78 electrically connected to substrate 12 at a location beneath 

insulator 22. A memory array 780 having a plurality of memory cells 750 is 

schematically illustrated in Fig. 92A. 

[00891] The operation of a memory cell has been described (and also describes 

the operation of memory cell 750) for example in "A Capacitor-less IT-DRAM 

Cell", S. Okhonin et al., pp. 85-87, IEEE Electron Device Letters, vol. 23, no. 2, 

February 2002, which is hereby incorporated herein, in its entirety, by reference 

thereto. The memory cell states are represented by the charge in the floating 

body 24. If cell 750 has holes stored in the floating body region 24, then the 

memory cell 750 will have a lower threshold voltage (gate voltage where 

transistor is turned on) compared to when cell 750 does not store holes in 

floating body region 24. 

[00892] The charge stored in the floating body 24 can be sensed by monitoring 

the cell current of the memory cell 750. If cell 750 is in a state "1" having holes 

in the :floating body region 24, then the memory cell will have a lower threshold 

voltage (gate voltage where the transistor is turned on), and consequently a 

higher cell current (e.g. current flowing from BL to SL terminals), compared to 

if cell 750 is in a state''()" having no holes in floating body region 24. A sensing 

circuit/read circuitry 90 typically connected to BL terminal 7 4 of memory array 

780 (e.g., see read circuitry 90 in Fig. 92B) can then be used to determine the 

data state of the memory cell. Examples of such read operations are described in 
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Yoshida et al., "A Design of a Capacitorless IT-DRAM Cell Using Gate-

Induced Drain Leakage (GIDL) Current for Low-power and High-speed 

Embedded Memory", pp. 913-918, International Electron Devices Meeting, 

2003 and U.S. Patent No. 7,301,803 "Bipolar reading technique for a mem01y 

cell having an electrically floating body transistor", both of which are hereby 

incorporated herein, in their entireties, by reference thereto. An example of a 

sensing circuit is described in Oshawa et al., "An 18.5ns 128Mb SOI DRAM 

with a Floating body Cell", pp. 458-459, 609, IEEE International Solid-State 

Circuits Conference, 2005, which is hereby incorporated herein, in its entirety, 

by reference thereto. 

[00893] A read operation can be performed by applying the following bias 

conditions: a positive voltage is applied to the selected BL terminal 7 4, and a 

positive voltage greater than the positive voltage applied to the selected BL 

terminal 74 is applied to the selected WL terminal 70, zero voltage is applied to 

the selected SL terminal 72, and zero voltage is applied to the substrate terminal 

78. The unselected BL terminals will remain at zero voltage, the unselected WL 

terminals will remain at zero or negative voltage, and the unselected SL 

terminals will remain at zero voltage. 

[00894] In one particular non-limiting embodiment, about 0.0 volts is applied to 

the selected SL terminal 72, about +0.4 volts is applied to the selected terminal 

7 4, about + 1.2 volts is applied to the selected terminal 70, and about 0.0 volts is 

applied to substrate terminal 78. The unselected terminals 7 4 remain at 0.0 

volts, the unselected terminals 70 remain at 0.0 volts, at the unselected SL 

terminals 72 remain at 0.0 volts. Fig. 93 shows the bias conditions for the 

selected mem01y cell 750a and unselected memory cells 750b, 750c, and 750d in 

memory array 780. Fig. 94A also shows and example of bias conditions of the 

selected mem01y cell 750a. However, these voltage levels may vary. 

[00895] The bias conditions on unselected memory cells during the exemplary 

read operation described above with regard to Fig. 93 are shown in Figs. 94B-

94D. The bias conditions for memory cells sharing the same row (e.g. memory 

cell 750b) and those sharing the same column (e.g. memory cell 750c) as the 

selected memory cell 750a are shown in Figs. 94B and Figs. 94C, respectively, 

while the bias condition for memory cells not sharing the same row nor the same 
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column as the selected mem01y cell 750 (e.g. memory cell 750d) is shmvn in 

Fig. 94D. 

[00896] For memory cells sharing the same row as the selected memory cell (e.g. 

memory cell 750b ), the WL terminal 70 is positively biased, but because the BL 

terminal 7 4 is grounded, there is no potential difference between the BL and SL 

terminals and consequently these cells are turned off (see Fig. 94B). 

[00897] For memory cells sharing the same column as the selected memory cell 

(e.g. memory cell 750c), a positive voltage is applied to the BL terminal 74. 

However, since zero or negative voltage is applied to the unselected WL 

terminal 70, these memory cells are also turned off (see Fig. 94C). 

[00898] For memory cells 750 not sharing the same row nor the same column as 

the selected memory cell (e.g. memory cell 750d), both WL and BL terminals 

are grounded. As a result, these memory cells are turned off (see Fig. 94D). 

[00899] An exemplary write ''()"operation of the cell 750 is now described with 

reference to Fig. 95. A negative bias is applied to SL terminal 72, zero or 

negative potential is applied to WL terminal 70, zero voltage is applied to BL 

terminal 7 4 and zero voltage is applied to substrate terminal 78. The unselected 

SL terminal 72 remains grounded. Under these conditions, the p-n junction 

between floating body 24 and region 16 of the selected cell 750 is fonvard­

biased, evacuating any holes from the floating body 24. In one particular non­

limiting embodiment, about -1.2 volts is applied to terminal 72, about 0.0 volts is 

applied to terminal 70, and about 0.0 volts is applied to terminal 74 and 78. 

However, these voltage levels may vary, while maintaining the relative 

relationship between the applied bias, as described above. 

[00900] An example of bias conditions of the selected and unselected memory 

cells 750 during a write''()" operation is illustrated in Figs. 96A-96B. Because a 

write "O" operation only involves a negative voltage applied to the selected SL 

terminal 72, the bias conditions for all the unselected cells are the same. As can 

be seen, the unselected memory cells will be in a holding operation, with the BL 

terminal at about 0.0 volts, WL terminal at zero or negative voltage, and the 

unselected SL terminal at about 0.0 volts. 

[00901] Alternatively, a write ''()" operation can be performed by applying a 

negative bias to the BL terminal 7 4 as opposed to the SL terminal 72. The SL 
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terminal 72 vvill be grounded, while zero voltage is applied to the substrate 

terminal 78, and zero or negative voltage is applied to the WL terminal 70. 

Under these conditions, all memory cells sharing the same BL terminal 7 4 vvill 

be written into state "O" as shown in Fig. 97. 

[00902] The write ''()"operation referred to above vvith regard to Figs. 95-97 has 

a drawback in that all memory cells 750 sharing either the same SL terminal 72 

or the same BL terminal 74 vvill be written to simultaneously and as a result, 

does not allow individual bit writing, i.e. writing to a single cell 750 mem01y bit. 

To write multiple data to different memory cells 750, write "O" is first performed 

on all the mem01y cells, followed by write "1" operations on a selected bit or 

selected bits. 

[00903] An alternative write "O" operation that allows for individual bit writing 

can be performed by applying a positive voltage to WL terminal 70, a negative 

voltage to BL terminal 7 4, zero or positive voltage to SL terminal 72, and zero 

voltage to substrate terminal 78. Under these conditions, the :floating body 24 

potential vvill increase through capacitive coupling from the positive voltage 

applied to the WL terminal 70. As a result of the floating body 24 potential 

increase and the negative voltage applied to the BL terminal 74, the p-njunction 

between 24 and region 18 is forward-biased, evacuating any holes from the 

floating body 24. To reduce undesired write "O" disturb to other memory cells 

750 in the mem01y array 780, the applied potential can be optimized as follows: 

if the floating body 24 potential of state "1" is referred to V FB 1, then the voltage 

applied to the WL terminal 70 is configured to increase the floating body 24 

potential by VFBi/2 while -VFBi/2 is applied to BL terminal 74. 

[00904] In one particular non-limiting embodiment, the follovving bias conditions 

are applied to the selected memory cell 750a: a potential of about 0.0 volts to SL 

terminal 72, a potential of about -0.2 volts to BL terminal 7 4, a potential of about 

+0.5 volts is applied to terminal 70, and about 0.0 volts is applied to substrate 

terminal 78; while about 0.0 volts is applied to unselected SL terminal 72, about 

0.0 volts is applied to unselected BL terminal 74, about 0.0 volts is applied to 

unselected WL terminal 70, and about 0.0 volts is applied to unselected terminal 

78. Fig. 98 shows the bias conditions in the above-described example, for the 

selected and unselected memory cells in memory array 780. However, these 
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voltage levels may vary. 

[00905] The bias conditions of the selected mem01y cell 750a under the write''()" 

operation described vvith regard to Fig. 98 are further elaborated and shmvn in 

Fig. 99A. As described, the potential difference between :floating body 24 and 

region 18 (coJlllected to BL terminal 74) is shmvn in Fig. 99A as having 

increased, resulting in a forward bias current which evacuates holes from the 

:floating body 24. 

[00906] Examples of bias conditions on the unselected memory cells 750 during 

write''()" operations described vvith regard to Fig. 8 are shown in Figs. 99B-99D. 

The bias conditions for memory cells sharing the same row (e.g. memory cell 

750b) are illustrated in Fig. 99B, and the bias conditions for memory cells 

sharing the same column (e.g. memory cell 750c) as the selected memory cell 

750a are shown in Fig. 99C, while the bias conditions for memory cells not 

sharing the same row nor the same column (e.g. memory cell 750d) as the 

selected memory cell 750a are shown in Fig. 99D. 

[00907] The :floating body 24 potential of memory cells sharing the same row as 

the selected memory cell (see Fig. 99B) vvill increase by .6. V FB due to capacitive 

coupling from WL terminal 70. For memory cells in state "O", the increase in 

the floating body 24 potential is not sustainable as the forward bias current of the 

p-n diodes formed by floating body 24 and junctions 16 and 18 vvill evacuate 

holes from :floating body 24. As a result, the floating body 24 potential vvill 

return to the initial state "O" equilibrium potential. For memory cells in state 

"1 ", the floating body 24 potential vvill initially also increase by .6. V FB, which 

vvill result in holes being evacuated from floating body 24. After the positive 

bias on the WL terminal 70 is removed, the floating body 24 potential vvill 

decrease by .6. VFB· If the initial floating body 24 potential of state "1" is referred 

to as VFBJ, the floating body 24 potential after the write "O" operation will 

become V FB i- .6. V FB. Therefore, the WL potential needs to be optimized such 

that the decrease in floating body potential of memory cells 750 in state "1" is 

not too large. For example, the maximum floating body potential due to the 

coupling from the WL potential cannot exceed V FB 1/2. 

[00908] For memory cells sharing the same column as the selected memory cell, 

a negative voltage is applied to the BL terminal 7 4 (see Fig. 99C), resulting in an 
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increase in the potential difference behveen floating body 24 and region 18 

connected to the BL terminal 7 4. As a result, the p-n diode formed behveen 

floating body 24 and junction 18 vvill be forward biased. For memory cells in 

state ''O", the increase in the floating body 24 potential vvill not change the initial 

state ''()" as there is initially no hole stored in the floating body 24. For mem01y 

cells in state "1 ", the net effect is that the floating body 24 potential after write 

"O" operation vvill be reduced. Therefore, the BL potential also needs to be 

optimized such that the decrease in floating body potential of memory cells 750 

in state "1" is not too large. For example, a potential of -VFBi/2 can be applied 

to the BL terminal 74. 

[00909] As to memory cells not sharing the same row nor the same column as the 

selected memory cell, zero voltage is applied to the SL terminal 72, zero voltage 

is applied to the BL terminal 7 4, and zero or negative voltage is applied to WL 

terminal 70, and zero voltage is applied to substrate terminal 78 (see Fig. 99D). 

As a result, holes vvill not be evacuated from :floating body region 24. 

[00910] A write "1" operation can be performed on memory cell 750 through 

impact ionization as described, for example, in "A New IT DRAM Cell vvith 

Enhanced Floating Body Effect", Lin and Chang, pp. 23-27, IEEE International 

Workshop on Memory Technology, Design, and Testing, 2006, which was 

incorporated by reference above, or band-to-band tunneling mechanism, as 

described for example in "A Design of a Capacitorless 1 T-DRAM Cell Using 

Gate-Induced Drain Leakage (GIDL) Current for Low-power and High-speed 

Embedded Memory", Yoshida et al., pp. 913-918, International Electron Devices 

Meeting, 2003, which was incorporated by reference above. 

[00911] An example of the bias conditions of the selected mem01y cell 750 under 

a write "1" operation using band-to-band tunneling is illustrated in Figs. 100 and 

101A. The negative bias applied to the WL terminal 70 and the positive bias 

applied to the BL terminal 7 4 results in electron tunneling which results in 

electron flow to the BL terminal 7 4, generating holes which subsequently are 

injected to the floating body 24 of the selected memory cell 750. The SL 

terminal 72 and the substrate terminal 78 are grounded during the write "1" 

operation. 

[00912] In one particular non-limiting embodiment, the follovving bias conditions 
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are applied to the selected memory cell 750a: a potential of about 0.0 volts is 

applied to SL terminal 72, a potential of about + 1.2 volts is applied to BL 

terminal 74, a potential of about -1.2 volts is applied to WL terminal 70, and 

about 0.0 volts is applied to substrate terminal 78; while the following bias 

conditions are applied to the unselected terminals: about 0.0 volts is applied to 

SL terminal 72, about 0.0 volts is applied to BL terminal 74, a potential of about 

0.0 volts is applied to WL terminal 70, and about 0.0 volts is applied to substrate 

terminal 78. Fig. 100 shows the bias conditions for the selected and unselected 

memory cells in memory array 780. However, these voltage levels may vary. 

[00913] Examples of bias conditions of the unselected mem01y cells during write 

"1" operations of the type described above with regard to Fig. 100 are shown in 

Figs. 101B-101D. The bias conditions for memory cells sharing the same row 

(e.g. memory cell 750b) are shown in Fig. 101B and the bias conditions for 

memory cells sharing the same column as the selected mem01y cell 750a (e.g. 

memory cell 750c) are shown in Fig. 101C. The bias conditions for memory 

cells 750 not sharing the same row nor the same column as the selected memory 

cell 750a (e.g. memory cell 750d) are shown in Fig. 101D. 

[00914] For memory cells sharing the same row as the selected memory cell, both 

terminals 72 and 7 4 are grounded, while about -1.2 volts is applied to WL 

terminal 70 (see Fig. 101B). There is no hole injection into the :floating body 24 

of mem01y cell 750b as there is not enough potential difference for band-to-band 

tunneling to occur. 

[00915] For memory cells sharing the same column as the selected memory cell, 

a positive voltage is applied to the BL terminal 74 (see Fig. 101C). No hole 

injection will occur for these memory cells as the WL terminal 70 is being 

grounded. 

[00916] For memory cells 750 not sharing the same row or the same column as 

the selected memory cell, both the SL terminal 72 and the BL terminal 7 4 

remain grounded (see Fig. lOlD). Consequently, no write operations will occur 

to these memory cells. 

[00917] An example of the bias conditions of the selected mem01y cell 750 under 

a write "1" operation using an impact ionization write "1" operation is illustrated 

in Figs. 102 and 103A-103D. A positive bias is applied to the selected WL 
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terminal 70, zero voltage is applied to all SL terminals 72, a positive bias applied 

to the selected BL terminal 7 4, while the substrate terminal 78 of the selected 

cell is grounded. These condition cause hole injection to the floating body 24 of 

the selected memory cell (e.g. cell 750a in Fig. 103A). 

[00918] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected memory cell 750a: a potential of about 0.0 volts is 

applied to SL terminal 72, a potential of about + 1.2 volts is applied to BL 

terminal 7 4, a potential of about + 1.2 volts is applied to the selected WL 

terminal 70, and about 0.0 volts is applied to substrate terminal 78; while the 

following bias conditions are applied to the unselected terminals: about 0.0 volts 

is applied to unselected SL terminal 72, about 0.0 volts is applied to unselected 

BL terminal 74, a potential of about 0.0 volts is applied to unselected WL 

terminal 70, and about 0.0 volts is applied to unselected substrate terminal 78. 

Fig. 103A shows the bias conditions for the selected memory cell in the example 

described above. Fig. 103B shows the bias conditions for memory cells sharing 

the same row as the selected memory cell in the example described above with 

regard to Fig. 102. Fig. 103C shows the bias conditions for memory cells 

sharing the same column as the selected memory cell in the example described 

above with regard to Fig. 102. Fig. 103D shows the bias conditions for memory 

cells that share neither the same row nor the same column as the selected 

memory cell in the example described above with regard to Fig. 102. However, 

these voltage levels may vazy. 

[00919] If :floating body region 24 stores a positive charge, the positive charge 

stored will decrease over time due to the diode leakage current of the p-n 

junctions formed between the floating body 24 and regions 16 and 18, 

respectively, and due to charge recombination. A positive bias can be applied to 

region 16 (connected to SL terminal 72) and/or to region 18 (connected to BL 

terminal 7 4), while zero or negative voltage is applied to WL terminal 70 and 

substrate terminal 78. 

[00920] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected memory cell 750: a potential of about + 1.2 volts is 

applied to SL terminal 72, a potential of about + 1.2 volts is applied to BL 

terminal 74, a potential of 0.0 volts is applied to WL terminal 70, and 0.0 volts is 
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applied to substrate terminal 78. Under these conditions, the p-n junctions 

formed behveen the floating body 24 and regions 16 and 18 are reverse biased, 

improving the lifetime of the positive charge stored in the floating body region 

24. 

[00921] The connection behveen region 16 of the memory cell 750 and the SL 

terminal 72 and the connection behveen region 18 of the memory cell 750 and 

the BL terminal 7 4 are usually made through conductive contacts, which for 

example could be made of polysilicon or tungsten. Fig. 104 shows contact 71 

connecting region 16 and the SL terminal 72 and contact 73 connecting region 

18 and the BL terminal 74. Many difficulties arise with contact formation. For 

example, separation behveen the contact and other electrodes (e.g. the gate 

electrode or neighboring contacts) must be provided to avoid electrical shorts 

behveen neighboring conductive regions. Difficulties related to contact 

formation and some potential solutions are described for example in U.S. Patent 

Application Publication No. 2010/0109064, titled "Semiconductor Device and 

Manufacturing Method Thereof', which is hereby incorporated herein, in its 

entirety, by reference thereto. 

[00922] To simplify the manufacturing of the memory cell 750 and to reduce the 

size of the memory 750, adjacent memory cells can be designed to share a 

common region 16 (and SL terminal 72) or a common region 18 (and BL 

terminal 74). For example, as shown in Fig. 105, U.S. Patent No. 6,937,516, 

"Semiconductor Device" to Fazan and Okhonin, which is hereby incorporated 

herein, in its entirety, by reference thereto, shows an arrangement where adjacent 

memory cells share common contacts 50 and 52. This reduces the number of 

contacts from hvo contacts per mem01y cell (when adjacent contacts are not 

shared behveen adjacent memory cells) to where the number of contacts of 

memory cells in connection equals the number of memory cells plus one. For 

example, in Fig. 105, the number of interconnected memory cells (the cross 

section shows memory cells intercoJlllected in the same column) is four and the 

number of contacts is five. 

[00923] The present invention provides a semiconductor memory device having a 

plurality of floating body memory cells which are coJlllected either in series to 

from a string, or in parallel to form a link. The connections behveen the memory 
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cells are made to reduce the number of contacts for each mem01y cell. In some 

embodiments, connections behveen control lines, such as source line or bit line, 

to the mem01y cells are made at the end or ends of a string or link of several 

memory cells, such that mem01y cells not at the end are "contactless" memory 

cells, because no contacts are provided on these cells to connect them to control 

lines. Rather, they are in direct contact vvith other memory cells that they are 

immediately adjacent to. Because several mem01y cells are connected either in 

series or in parallel, a compact memory cell can be achieved. 

[00924] Fig. 106A shows a cross-sectional schematic illustration of a memory 

string 500 that includes a plurality of memory cells 750 (750a - 750n in Fig. 

106A, although there may be more or fewer cells 750), while Fig. 106B shows a 

top view of the memory cell array 780, which shows hvo strings 500 of memory 

cells 750 behveen the SL terminal 72 and BL terminal 74. Each memory string 

500 includes a plurality of memory cells 750 coJlllected in a NAND architecture, 

in which the plurality of mem01y cells 750 are serially connected to make one 

string of mem01y cells. In a series connection, the same current flows through 

each of the memory cells 750, from the BL terminal 74 to the SL terminal 72, or 

vice versa. String 500 includes "n" mem01y cells 750, where "n" is a positive 

integer, which typically ranges behveen eight and sixty-four (although this 

number could be lower than eight (as low as hvo) or higher than sixty-four), and 

in at least one example, is sixteen. The region 18 of a second conductivity at one 

end of the memory string is connected to the BL terminal 7 4, while the source 

region 16 of a second conductivity at the other end of the memory string is 

connected to the SL terminal 72. Although Fig. 106B schematically illustrates 

an array of hvo strings, it should be noted that the present invention is not 

limited to hvo strings. 

[00925] Each memory cell transistor 750 includes a floating body region 24 of a 

first conducting type, and first and second regions 20 (corresponding to first and 

second regions 16 and 18 in the single cell embodiments of cell 750 described 

above) of a second conductivity type, which are spaced apart from each other 

and define a chaIUlel region. A buried insulator layer 22 isolates the floating 

body region 24 from the bulk substrate 12. A gate 60 is positioned above the 

surface of floating body 24 and is in behveen the first and second regions 20. 
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An insulating layer 62 is provided between gate 60 and floating body 24 to 

insulate gate 60 from floating body 24. As can be seen in Figs. 106A-106B, 

connections to the control lines SL terminal 72 and BL terminal 7 4 are only 

made at the ends of the string 500. CoIUlection between SL terminal 72 and 

region 16 is made through contact 71 and connection between BL terminal 74 

and region 18 is made through contact 73. No contacts are made to the regions 

20 of the memory cells 750 in memory string 500, resulting in contactless 

memory cells intermediate of the end mem01y cells. In some embodiments, the 

transistors at the end of the string 500 (e.g., cells 750a and 750n in Fig. 106A) 

may be configured as access transistors to the memory string 500, wherein the 

charges stored in the associated floating bodies 24 (in the Fig. 106A example, 

24a and 24n) are not read. 

[00926] Fig. 107 shows an equivalent circuit representation of the mem01y array 

780 of Fig. 106B. In Fig. 107, the memory cells are arranged in a grid, with the 

rows of the mem01y array being defined by the WL terminals 70, while the 

columns are defined by the BL terminals 7 4. Within each column, multiple 

memory cells 750 are serially connected forming the string 500. Adjacent 

columns are separated by columns of isolation 26 (see Fig. 106B), such as 

shallow trench isolation (STI). 

[00927] A read operation is described with reference to Figs. 108 and 109A-

109B. The read operation can be performed by applying the following bias 

conditions, where memory cell 750c is being selected in this example: a positive 

voltage is applied to the selected BL terminal 7 4, and a positive voltage greater 

than the positive voltage applied to the selected BL terminal 74 is applied to the 

selected WL terminal 70, zero voltage is applied to the selected SL terminal 72, 

and zero voltage is applied to the substrate terminal 78. The unselected BL 

terminals 7 4 will remain at zero voltage and the unselected SL terminals 72 will 

remain at zero voltage. A positive voltage greater than the positive voltage 

applied to the selected WL terminal 70c is applied to passing WL terminals 70a, 

70b, 701, 70m, and 70n (see Figs. 108 and 109A-109B). Passing WL terminals 

are coJlllected to the gates of the passing cells, i.e. the unselected cells which are 

serially connected to the selected memory cell 750c (e.g. memory cells 750a, 

750b, 7501, 750m, and 750n in Fig. 108). The voltages applied to the gate of the 
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passing cells are such that the passing transistors are turned on, irrespective of 

the potentials of their floating body regions. The passing cells need to be turned 

on because in a series connection, the current flows from the BL terminal 7 4 to 

SL terminal 72 (or vice versa) thereby flowing through each of the memory cells 

750. As a result, the passing cells vvill pass the potentials applied to the SL 

terminal 72 and BL terminal 7 4 to the source and drain regions 20b and 20c of 

the selected cell 750c. For example, the memory cell 750n will pass the voltage 

applied to the BL terminal 74 to region 20m connected to cell 750n (and 750m), 

which memory cell 750m vvill subsequently pass to the region 201 connected to 

cell 7501. The adjacent passing memory cells vvill subsequently pass the voltage 

applied to BL terminal 7 4 until the voltage reaches region 20c of the selected 

cell 750c. 

[00928] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected memory cell 750c: a potential of about 0.0 volts is 

applied to SL terminal 72, a potential of about +0.4 volts is applied to BL 

terminal 7 4, a potential of about + 1.2 volts is applied to selected WL terminal 

70, about +3.0 volts is applied to passing WL terminals 70, and about 0.0 volts is 

applied to substrate terminal 78; while the following bias conditions are applied 

to the unselected terminals: about 0.0 volts is applied to SL terminal 72 (i.e., 

unselected SL terminal 72 not shown in Fig. 109A), about 0.0 volts is applied to 

BL terminal 7 4, a potential of about 0.0 volts is applied to WL terminal 70 that 

are not passing WL terminals (not shown in Fig. 109A), and about 0.0 volts is 

applied to substrate terminal 78. Figs. 108 and 109A-109B show bias condition 

for the selected and unselected mem01y cells in memory array 780. However, 

these voltage levels may vazy. 

[00929] Under these conditions, about+ 1.2 volts vvill be applied to the gate 60 of 

the selected cell 750c and about 0.0 volts and 0.4 volts vvill be passed to the 

regions 20b and 20c of the selected cells 750c, similar to the read condition 

described in Fig. 94A. As described, the passing cells are biased so that its 

channels are conducting, and therefore the current flowing from the BL terminal 

74 and SL terminal 72 of the string 500 is then determined by the potential of the 

floating body region 24 of the selected cell 750c. If cell 750c is in a state "1" 

having holes in the floating body region 24, then the mem01y cell vvill have a 
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lower threshold voltage (gate voltage where the transistor is turned on), and 

consequently be conducting a larger current compared to if cell 750c is in a state 

"O" having no holes in floating body region 24. 

[00930] A sensing circuit/read circuitry 90 typically coJlllected to BL terminal 74 

of memory array 780 (e.g., see read circuitry 90 in Fig. 109B) can be used to 

determine the data state of the memory cell. An example of a sensing circuit is 

described in Ohsawa et al., "An 18.5ns 128Mb SOI DRAM with a Floating body 

Cell", pp. 458-459, 609, IEEE International Solid-State Circuits Conference, 

2005, which is hereby incorporated herein, in its entirety, by reference thereto. 

[00931] A write ''()" operation is described with reference to Figs. 110-111. Bias 

conditions shown include: zero voltage applied to the SL terminal 72, zero 

voltage applied to the WL terminals 70, and negative voltage applied to the BL 

terminal 7 4, while the substrate terminal 78 is grounded. Under these 

conditions, the p-n junctions between floating bodies 24 and regions 20 of the 

respective memory cells in string 500 are fonvard-biased, evacuating any holes 

from each floating body 24. In one particular non-limiting embodiment, about -

1.2 volts is applied to terminal 7 4, about 0.0 volts is applied to terminal 70, 

about 0.0 volts is applied to terminal 72 and about 0.0 volts is applied to terminal 

78. Alternatively, a positive voltage can be applied to the WL terminals 70 to 

ensure that the negative voltage applied to the BL terminal 7 4 is passed to all the 

memory cells in string 500. However, these voltage levels may vary, while 

maintaining the relative relationship between the charges applied, as described 

above. 

[00932] An alternative write "O" operation that allows for individual bit writing is 

shown in Figs.112A-112B. Tiris write ''()" operation can be performed by 

applying a negative voltage to BL terminal 7 4, zero voltage to SL terminal 72, 

zero voltage to substrate terminal 78, and a positive voltage to passing WL 

terminals. The selected WL terminal is initially grounded until the voltages 

applied to SL terminal 72 and BL terminal 7 4 reach the regions 20b and 20c, 

respectively, of the selected memory cell 750c. Subsequently, the potential of 

the selected WL terminal 70 (70c in this example) is raised to a positive voltage 

higher than the positive voltage applied to passing WL terminals. Under these 

conditions, a positive voltage will be applied to the gate of the selected memory 
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cell (e.g. memory cell 750c in Figs. l 12A-l 12B) and consequently the floating 

body 24 potential vvill increase through capacitive coupling from the positive 

voltage applied to the WL terminal 70. The passing cells (e.g. memory cell 7501, 

750m, and 750n) vvill pass the negative voltage applied to the BL terminal 74 to 

the region 20c of the memory cell 750c, while passing cells 750a and 750b vvill 

pass zero voltage applied to the SL terminal 72 to the region 20b of the memory 

cell 750c. Under these conditions, the bias conditions of the selected memory 

cell 750c vvill be similar to the conditions described in Fig. 99A. As a result of 

the floating body 24 potential increase and the negative voltage applied to the 

BL terminal 74, the p-njunction behveen 24c and region 20c is forward-biased, 

evacuating any holes from the floating body 24. To reduce undesired write ''()" 

disturb to other memory cells 750 in the memory array 780, the applied potential 

can be optimized as follows: if the floating body 24 potential of state "l" is 

referred to VFBl, then the voltage applied to the selected WL terminal 70 is 

configured to increase the :floating body 24 potential by V FB 112 while -V FB 112 is 

applied to BL terminal 7 4. The voltage applied to WL terminal of the passing 

cells is optimized such that it is high enough to pass the negative voltage applied 

to the BL terminal 7 4, but cannot be too high to prevent the potential of the 

floating body 24 of the passing cells becoming too high, which vvill result in 

holes being evacuated from the passing cells that are in state "l ". A higher 

positive voltage can be applied to passing WL terminals passing zero voltage 

applied to the SL terminal 72 (e.g. passing WL terminals to the left of selected 

WL terminal 70c, i.e. 70a and 70b in Fig. l 12A) than the voltage applied to 

passing WL terminals passing negative voltage applied to the BL terminal 7 4 

(e.g. passing WL terminals to the right of selected WL terminal 70c). This is 

because the higher voltage applied to terminal 72 (compared to the negative 

voltage applied to terminal 74) may require a higher passing gate voltage for the 

passing transistors to be turned on. 

[00933] In one particular non-limiting embodiment, the follovving bias conditions 

are applied to the memory string 500: a potential of about 0.0 volts is applied to 

SL terminal 72, a potential of about -0.2 volts is applied to BL terminal 7 4, a 

potential of about +0.5 volts is applied to selected terminal 70, a potential of 

about +0.2 volts is applied to passing WL terminals 70 and about 0.0 volts is 
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applied to substrate terminal 78; while about 0.0 volts is applied to unselected 

SL terminal 72, about 0.0 volts is applied to unselected BL terminal 7 4, about 

0.0 volts is applied to unselected (but not passing) WL terminal 70, and about 

0.0 volts is applied to unselected terminal 78. Fig. 112A shows the bias 

conditions for the selected and passing memory cells in selected memory string 

500, while Fig. 112B shows the bias conditions for selected and unselected 

memory cells in mem01y array 780 where memory cell 750c is the selected cell. 

However, these voltage levels may vary. 

[00934] Under these bias conditions, a positive voltage will be applied to the gate 

60 of the selected cell 750c, while a negative voltage applied to the BL terminal 

7 4 will be passed to the region 20c of the selected cell 7 SOc, and zero voltage 

applied to the SL terminal 72 will be passed to the region 20b of the selected cell 

750c. Tiris condition is similar to the condition described in Fig. 99A, which 

will result in hole evacuation out of the :floating body 24 of the cell 750c. 

[00935] A write "1" operation can be performed on memory cell 750 through 

impact ionization as described for example in Lin et al., "AN ew 1 T DRAM Cell 

with Enhanced Floating Body Effect", pp. 23-27, IEEE International Workshop 

on Memory Teclmology, Design, and Testing, 2006, which was incorporated by 

reference above, or by a band-to-band tunneling mechanism, as described for 

example in Yoshida et al., "A Design of a Capacitorless 1 T-DRAM Cell Using 

Gate-Induced Drain Leakage (GIDL) Current for Low-power and High-speed 

Embedded Memory", pp. 913-918, International Electron Devices Meeting, 

2003, which was incorporated by reference above. 

[00936] An example of bias conditions of a selected mem01y cell 750 during a 

band-to-band tunneling write "1" operation is illustrated in Figs. 113A and 

113B. A negative bias is applied to the selected WL terminal 70, a positive 

voltage is applied to the passing WL terminals 70, zero voltage is applied to the 

SL terminal 72 (and to all SL terminals 72), and a positive bias is applied to the 

selected BL terminal 7 4 (zero voltage is applied to unselected BL terminals 7 4), 

while the substrate terminal 78 is grounded. These conditions cause hole 

injection to the floating body 24 of the selected mem01y cell (e.g. cell 750c in 

Figs. 113A-113B). 
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[00937] In one particular non-limiting embodiment, the follmving bias conditions 

are applied to the selected mem01y string 500: a potential of about 0.0 volts is 

applied to SL terminal 72, a potential of about + 1.2 volts is applied to BL 

terminal 7 4, a potential of about -1.2 volts is applied to the selected WL terminal 

70, about +3.0 volts is applied to the passing WL terminals 70, and about 0.0 

volts is applied to substrate terminal 78; while the following bias conditions are 

applied to the unselected terminals: about 0.0 volts is applied to SL terminal 72, 

about 0.0 volts is applied to BL terminal 7 4, a potential of about 0.0 volts is 

applied to unselected (but not passing) WL terminal 70 (not shown in Fig. 

113B), and about 0.0 volts is applied to substrate terminal 78. Fig. 113A shows 

the bias conditions for the selected and passing memory cells in selected 

memory string 500, while Fig. 113B shows the bias conditions for the selected 

and unselected memory cells in memory array 780, where memory cell 750c is 

the selected cell. However, these voltage levels may vary. 

[00938] Under these bias conditions, a negative voltage will be applied to the gate 

60 of the selected cell 750c, while a positive voltage applied to the BL terminal 

7 4 will be passed to the region 20c of the selected cell 7 SOc, and zero voltage 

applied to the SL terminal 72 will be passed to the region 20b of the selected cell 

750c. Tiris condition is similar to the condition described in Fig. lOlA, which 

will result in hole injection to the floating body 24 of the cell 750c. 

[00939] An example of the bias conditions of the selected mem01y cell 750 under 

an impact ionization write "1" operation is illustrated in Figs. 114A-114B. A 

positive bias is applied to the selected WL terminal 70, a positive voltage more 

positive than the positive voltage applied to the selected WL terminal 70 is 

applied to the passing WL terminals 70, zero voltage is applied to the SL 

terminal 72 (both the selected SL terminal 72 as well as all other SL terminals 

72), and a positive bias is applied to the selected BL terminal 7 4 (zero voltage is 

applied to the unselected BL terminals 7 4), while the substrate terminal 78 is 

grounded. These conditions cause hole injection to the floating body 24 of the 

selected memory cell (e.g. cell 750c in Figs. 114A-114B). 

[00940] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected mem01y string 500: a potential of about 0.0 volts is 

applied to SL terminal 72, a potential of about + 1.2 volts is applied to BL 
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terminal 7 4, a potential of about + 1.2 volts is applied to the selected WL 

terminal 70, about +3.0 volts is applied to the passing WL terminals 70, and 

about 0.0 volts is applied to substrate terminal 78; while the following bias 

conditions are applied to the unselected terminals (i.e., terminals in strings other 

than the string that the selected cell is in): about 0.0 volts is applied to SL 

terminal 72, about 0.0 volts is applied to BL terminal 7 4, a potential of about 0.0 

volts is applied to WL terminal 70 (not shown in Fig. 114B), and about 0.0 volts 

is applied to substrate terminal 78. Fig. 114A shows the bias conditions for the 

selected and passing memory cells in selected memory string 500, while Fig. 

l 14B shows bias conditions for selected and unselected memory cells in 

memory array 780 (with memory cell 750c as the selected cell). However, these 

voltage levels may vary. 

[00941] A multi-level write operation can be performed using an alternating 

write and verify algorithm, where a write pulse is first applied to the mem01y 

cell 750, followed by a read operation to verify if the desired memory state has 

been achieved. If the desired memory state has not been achieved, another write 

pulse is applied to the memory cell 750, followed by another read verification 

operation. Tiris loop is repeated until the desired memory state is achieved. 

[00942] For example, using band-to-band hot hole injection, a positive voltage is 

applied to BL terminal 7 4, zero voltage is applied to SL terminal 72, a negative 

voltage is applied to the selected WL terminal 70, a positive voltage is applied to 

the passing WL terminals, and zero voltage is applied to the substrate terminal 

78. Positive voltages of different amplitudes are applied to BL terminal 7 4 to 

write different states to floating body 24. This results in different floating body 

potentials 24 corresponding to the different positive voltages or the number of 

positive voltage pulses that have been applied to BL terminal 7 4. In one 

particular non-limiting embodiment, the write operation is performed by 

applying the following bias conditions: a potential of about 0.0 volts is applied 

to SL terminal 72, a potential of about -1.2 volts is applied to the selected WL 

terminal 70, about +3.0 volts is applied to the passing WL terminals, and about 

0.0 volts is applied to substrate terminal 78, while the potential applied to BL 

terminal 7 4 is incrementally raised. For example, in one non-limiting 

embodiment, 25 millivolts is initially applied to BL terminal 74, followed by a 
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read verify operation. If the read verify operation indicates that the cell current 

has reached the desired state (i.e. cell current corresponding to whichever state 

of states 00, 01, 10 or 11 is desired is achieved), then the multi write operation is 

concluded. If the desired state is not achieved, then the voltage applied to BL 

terminal 74 is raised, for example, by another 25 millivolts, to 50 millivolts. 

This is subsequently followed by another read verify operation, and this process 

iterates until the desired state is achieved. However, the voltage levels described 

may vazy. The write operation is followed by a read operation to verify the 

memory state. 

[00943] The string 500 may be provided as planar cells, such as the embodiments 

described above with reference to Figs. 91 and 106A, or may be provided as tin­

type, three-dimensional cells, such as those illustrated in Figs. 115A-l 15B, for 

example. Other variations, modifications and alternative cells 750 may be 

provided without departing from the scope of the present invention and its 

functionality. 

[00944] Referring now to Fig. 23 above, a memory cell 150 according to an 

embodiment of the present invention is shown. The cell 150 is fabricated on a 

bulk substrate 12 having a first conductivity type (such as p-type conductivity). 

A buried layer 22 of a second conductivity type (such as n-type conductivity) is 

also provided in the substrate 12 and buried in the substrate 12, as shown. 

Buried layer 22 may be formed by an ion implantation process on the material of 

substrate 12. Alternatively, buried layer 22 can be grown epitaxially. 

[00945] A first region 16 having the second conductivity type is provided in 

substrate 12 and first region 16 is exposed at surface 14. A second region 18 

having the second conductivity type is also provided in substrate 12, is also 

exposed at surface 14 and is spaced apart from the first region 16. First and 

second regions 16 and 18 may be formed by an implantation process formed on 

the material making up substrate 12, according to any of implantation processes 

known and typically used in the art. Alternatively, a solid state diffusion process 

can be used to form first and second regions 16 and 18. 

[00946] A floating body region 24 having a first conductivity type, such asp-type 

conductivity type, is bounded by surface 14, first and second regions 16, 18, 

insulating layers 26, and buried layer 22. Insulating layers 26 (e.g., shallow 
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trench isolation (STI)), may be made of silicon oxide, for example. Insulating 

layers 26 insulate cell 150 from neighboring cells 150 when multiple cells 150 

are joined in an array 180. The floating body region 24 can be formed by an 

implantation process formed on the material making up substrate 12, or can be 

grown epitaxially. A gate 60 is positioned in between the regions 16 and 18, and 

above the surface 14. The gate 60 is insulated from surface 14 by an insulating 

layer 62. Insulating layer 62 may be made of silicon oxide and/or other 

dielectric materials, including high-K dielectric materials, such as, but not 

limited to, tantalum peroxide, titanium oxide, zirconium oxide, hafuium oxide, 

and/or aluminum oxide. The gate 60 may be made of polysilicon material or 

metal gate electrode, such as tungsten, tantalum, titanium and their nitrides. 

[00947] Cell 150 further includes word line (WL) terminal 70 electrically 

connected to gate 60, source line (SL) terminal 72 electrically connected to 

region 16, bit line (BL) terminal 74 electrically connected to region 18, buried 

well (BW) terminal 76 connected to buried layer 22, and substrate terminal 78 

electrically coJlllected to substrate 12 at a location beneath insulator 22. 

[00948] The operation of a memory cell 150 has been described for example in 

Ranica et al., ''Scaled IT-Bulk Devices Built with CMOS 90nm Technology for 

Low-cost eDRAM Applications", pp. 38-41, Tech. Digest, Symposium on VLSI 

Teclmology, 2005 and Application Serial No. 12/797,334, titled "Method of 

Maintaining the State of Semiconductor Memory Having Electrically Floating 

Body Transistor", both of which are hereby incorporated herein, in their 

entireties, by reference thereto. 

[00949] Memory cell states are represented by the charge in the floating body 24. 

If cell 150 has holes stored in the floating body region 24, then the memory cell 

150 will have a lower threshold voltage (gate voltage where transistor is turned 

on) compared to when cell 150 does not store holes in floating body region 24. 

[00950] As shown in Fig. 25 above, inherent in this embodiment of the mem01y 

cell 150 are n-p-n bipolar devices 130a, 130b formed by buried well region 22, 

floating body 24, and SL and BL regions 16, 18. A holding operation can be 

performed by utilizing the properties of the n-p-n bipolar devices 130a, 130b 

through the application of a positive back bias to the BW terminal 7 6 while 

grounding terminal 72 and/or terminal 7 4. If floating body 24 is positively 
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charged (i.e. in a state "l "), the bipolar transistor 130a formed by SL region 16, 

floating body 24, and buried well region 22 and bipolar transistor 130b formed 

by BL region 18, floating body 24, and buried well region 22 will be turned on. 

[00951] A fraction of the bipolar transistor current will then flow into floating 

region 24 (usually referred to as the base current) and maintain the state "l" 

data. The efficiency of the holding operation can be enhanced by designing the 

bipolar devices 130a, 130b formed by buried well layer 22, :floating region 24, 

and regions 16/18 to be a low-gain bipolar device, where the bipolar gain is 

defined as the ratio of the collector current flowing out of BW terminal 76 to the 

base current flowing into the floating region 24. 

[00952] For memory cells in state ''()" data, the bipolar devices 130a, 130b will 

not be turned on, and consequently no base hole current will flow into floating 

region 24. Therefore, memory cells in state ''()"will remain in state "O". 

[00953] An example of the bias conditions applied to cell 150 to carry out a 

holding operation includes: zero voltage is applied to BL terminal 7 4, zero 

voltage is applied to SL terminal 72, zero or negative voltage is applied to WL 

terminal 70, a positive voltage is applied to the BW terminal 76, and zero 

voltage is applied to substrate terminal 78. In one particular non-limiting 

embodiment, about 0.0 volts is applied to terminal 72, about 0.0 volts is applied 

to terminal 7 4, about 0.0 volts is applied to terminal 70, about + 1.2 volts is 

applied to terminal 76, and about 0.0 volts is applied to terminal 78. However, 

these voltage levels may vazy. 

[00954] Fig. l 16A shows an energy band diagram of the intrinsic n-p-n bipolar 

device 130 when the floating body region 24 is positively charged and a positive 

bias voltage is applied to the buried well region 22. The dashed lines indicate 

the Fermi levels in the various regions of the n-p-n transistor 130. The Fermi 

levels are located in the band gap between the solid line 17 indicating the top of 

the valance band (the bottom of the band gap) and the solid line 19 indicating the 

bottom of the conduction band (the top of the band gap). The positive charge in 

the floating body region 24 lowers the energy barrier of electron flow into the 

floating body region 24 (i.e., the base region of the n-p-n bipolar device). Once 

injected into the floating body region 24, the electrons will be swept into the 

buried well region 22 (connected to BW terminal 76) due to the positive bias 
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applied to the buried well region 22. As a result of the positive bias, the 

electrons are accelerated and create additional hot carriers !)i.ot hole and hot 

electron pairs) through an impact ionization mechanism. The resulting hot 

electrons flow into the BW terminal 76 while the resulting hot holes will 

subsequently flow into the floating body region 24. This process restores the 

charge on floating body 24 to its maximum level and will maintain the charge 

stored in the floating body region 24 which will keep the n-p-n bipolar transistor 

130 on for as long as a positive bias is applied to the buried well region 22 

through BW terminal 76. 

[00955] If floating body 24 is neutrally charged (the voltage on floating body 24 

being equal to the voltage on grounded bit line region 16), a state corresponding 

to state ''O", the bipolar device will not be turned on, and consequently no base 

hole current will flow into floating region 24. Therefore, memory cells in the 

state "O" will remain in the state ''O". 

[00956] Fig. 116B shows an energy band diagram of the intrinsic n-p-n bipolar 

device 130 when the floating body region 24 is neutrally charged and a bias 

voltage is applied to the buried well region 22. In this state the energy level of 

the band gap bounded by solid lines 17A and 19A is different in the various 

regions of n-p-n bipolar device 130. Because the potential of the floating body 

region 24 and the bit line region 16 are equal, the Fermi levels are constant, 

resulting in an energy barrier between the bit line region 16 and the floating 

body region 24. Solid line 23 indicates, for reference purposes, the energy 

barrier between the bit line region 16 and the floating body region 24. The 

energy barrier prevents electron flow from the bit line region 16 (connected to 

BL terminal 7 4) to the floating body region 24. Thus the n-p-n bipolar device 

130 will remain off. 

[00957] Although the embodiment discussed in Figs. 25, 116A and 116B refers to 

bipolar devices 130 as n-p-n transistors, persons of ordinazy skill in the art will 

readily appreciate that by reversing the first and second connectivity types and 

inverting the relative values of the applied voltages memory cell 150 could 

include a bipolar device 130 which is a p-n-p transistor. Thus the choice of an n­

p-n transistor as an illustrative example for simplicity of explanation in Figs. 25, 

116A and 116B is not limiting in any way. In addition, the discussions in regard 
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to Figs. 25, 116A and 116B use bipolar device 130b formed by bit line region 

18, floating body region 24, and buried well region 22, and the same principles 

also apply to bipolar device 130a formed by source line region 16, :floating body 

region 24 and buried well region 22. 

[00958] The charge stored in the floating body 24 can be sensed by monitoring 

the cell current of the memory cell 150. If cell 150 is in a state "1" having holes 

in the :floating body region 24, then the memory cell will have a lower threshold 

voltage (gate voltage where the transistor is turned on), and consequently a 

higher cell current (e.g. current flowing from BL to SL terminals), compared to 

if cell 150 is in a state "O" having no holes in floating body region 24. Examples 

of the read operation is described in Yoshida et al., "A Design of a Capacitorless 

IT-DRAM Cell Using Gate-Induced Drain Leakage (GIDL) Current for Low­

power and High-speed Embedded Memory", pp. 913-918, International 

Electron Devices Meeting, 2003; Ohsawa et al., "An 18.5ns 128Mb SOI DRAM 

with a Floating body Cell", pp. 458-459, 609, IEEE International Solid-State 

Circuits Conference, 2005; and U.S. Patent No. 7,301,803 "Bipolar reading 

technique for a memory cell having an electrically floating body transistor", 

which are hereby incorporated herein, in their entireties, by reference thereto. 

[00959] A read operation can be performed on cell 150 by applying the following 

bias conditions: zero voltage is applied to the BW terminal 76, zero voltage is 

applied to SL terminal 72, a positive voltage is applied to the selected BL 

terminal 7 4, and a positive voltage greater than the positive voltage applied to 

the selected BL terminal 7 4 is applied to the selected WL terminal 70, while zero 

voltage is applied to substrate terminal 78. When cell 150 is in an array 180 of 

cells 150 (e.g., see Fig. 117), the unselected BL terminals 74 will remain at zero 

voltage and the unselected WL terminals 70 will remain at zero or negative 

voltage. In one particular non-limiting embodiment, about 0.0 volts is applied to 

terminal 72, about +0.4 volts is applied to the selected terminal 7 4a, about + 1.2 

volts is applied to the selected terminal 70a, about 0.0 volts is applied to terminal 

76, and about 0.0 volts is applied to terminal 78, as illustrated in Fig. 117. 

[00960] A write ''()"operation of the cell 150 is now described with reference to 

Fig. 118. In this example, to write "O" to cell 150, a negative bias is applied to 

SL terminal 72, zero voltage is applied to BL terminal 7 4, zero or negative 
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voltage is applied to WL terminal 70, zero or positive voltage is applied to BW 

terminal 76, and zero voltage is applied to substrate terminal 78. The SL 

terminal 72 for the unselected cells 150 that are not commonly connected to the 

selected cell 150a vvill remain grounded. Under these conditions, the p-n 

junctions Gunction between 24 and 16) are forward-biased, evacuating any holes 

from the :floating body 24. In one particular non-limiting embodiment, about -

1.2 volts is applied to terminal 72, about 0.0 volts is applied to terminal 74, 

about 0.0 volts is applied to terminal 70, about 0.0 volts is applied to terminal 

76, and about 0.0 volts is applied to terminal 78. However, these voltage levels 

may vary, while maintaining the relative relationships between the charges 

applied, as described above. Under these conditions, all memory cells sharing 

the same SL terminal 72 vvill be written into state "O". 

[00961] A write ''()" operation can also be performed by applying a negative bias 

to the BL terminal 74 as opposed to the SL terminal 72. The SL terminal 72 vvill 

be grounded, while zero or positive voltage is applied to BW terminal 76, zero 

voltage is applied to the substrate terminal 78, and zero or negative voltage is 

applied to the WL terminal 70. Under these conditions, all memory cells sharing 

the same BL terminal 7 4 vvill be written into state "O". 

[00962] The write "O" operations referred to above vvith regard to Fig. 118 have a 

drawback in that all memory cells 150 sharing either the same SL terminal 72 or 

the same BL terminal 7 4 vvill be written to simultaneously and as a result, these 

operations do not allow individual bit writing, i.e. writing to a single cell 150 

memory bit. To write multiple data to different memory cells 150, write "O" is 

first performed on all the mem01y cells, followed by write "1" operations on a 

selected bit or selected bits. 

[00963] An alternative write "O" operation, which, unlike the previous write "O" 

operations described above vvith regard to Fig. 118, allows for individual bit 

write, can be performed by applying a positive voltage to WL terminal 70, a 

negative voltage to BL terminal 74, zero or positive voltage to SL terminal 72, 

zero or positive voltage to BW terminal 76, and zero voltage to substrate 

terminal 78, an example of which is illustrated in Fig. 119. Under these 

conditions, the floating body 24 potential vvill increase through capacitive 

coupling from the positive voltage applied to the WL terminal 70. As a result of 
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the :floating body 24 potential increase and the negative voltage applied to the 

BL terminal 74, the p-njunction Gunction between 24 and 18) is forward-biased, 

evacuating any holes from the floating body 24. The applied bias to selected 

WL terminal 70 and selected BL terminal 7 4 can potentially affect the states of 

the unselected memory cells 150 sharing the same WL or BL terminal as the 

selected memory cell 150. To reduce undesired write "O" disturb to other 

memory cells 150 in the memory array 180, the applied potential can be 

optimized as follows: if the floating body 24 potential of state "1" is referred to 

as VFBl, then the voltage applied to the WL terminal 70 is configured to increase 

the floating body 24 potential by V FB 1/2 while -V FB 1/2 is applied to BL terminal 

7 4. This will minimize the :floating body 24 potential change in the unselected 

cells 150 in state "1" sharing the same BL terminal as the selected cell 150 from 

V FB 1 to V FB 1/2. For mem01y cells 150 in state ''()" sharing the same WL terminal 

as the selected cell 150, unless the increase in floating body 24 potential is 

sufficiently high (i.e., at least VFB/3, see below), then both n-p-n bipolar devices 

130a and 130b will not be turned on, or so that the base hold current is low 

enough that it does not result in an increase of the floating body 24 potential 

over the ti.me during which the write operation is carried out (write operation 

ti.me). It has been determined according to the present invention that a floating 

body 24 potential increase of V FB/3 is low enough to suppress the floating body 

24 potential increase. A positive voltage can be applied to SL terminal 72 to 

further reduce the undesired write "O" disturb on other memory cells 150 in the 

memory array. The unselected cells will remain at holding state, i.e. zero or 

negative voltage applied to WL terminal 70 and zero voltage applied to BL 

terminal 7 4. 

[00964] In one particular non-limiting embodiment, for the selected cell 150 a 

potential of about 0.0 volts is applied to terminal 72, a potential of about -0.2 

volts is applied to terminal 74, a potential of about +0.5 volts is applied to 

terminal 70, about 0.0 volts is applied to terminal 76, and about 0.0 volts is 

applied to terminal 78. For the unselected cells not sharing the same WL 

terminal or BL terminal with the selected memory cell 150, about 0.0 volts is 

applied to terminal 72, about 0.0 volts is applied to terminal 7 4, about 0.0 volts 

is applied to terminal 70, about 0.0 volts is applied to terminal 76, and about 0.0 
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volts is applied to terminal 78. Fig. 119 shows the aforementioned bias 

conditions for the selected memory cell 150 and other cells 150 in the array 180. 

However, these voltage levels may vazy. 

[00965] A write "l" operation can be performed on memory cell 150 through 

impact ionization as described for example in Lin et al., "AN ew 1 T DRAM Cell 

with Enhanced Floating Body Effect", pp. 23-27, IEEE International Workshop 

on Memory Teclmology, Design, and Testing, 2006, which was incorporated by 

reference above, or a band-to-band tunneling mechanism, as described for 

example in Yoshida et al., "A Design of a Capacitorless 1 T-DRAM Cell Using 

Gate-Induced Drain Leakage (GIDL) Current for Low-power and High-speed 

Embedded Memory", pp. 913-918, International Electron Devices Meeting, 

2003, which was incorporated by reference above. 

[00966] An example of the bias conditions of the selected mem01y cell 150 under 

a band-to-band tunneling write "l" operation is illustrated in Fig. 120A. The 

negative bias applied to the WL terminal 70 (70a in Fig. 120A) and the positive 

bias applied to the BL terminal 74 (74a in Fig. 120A) results in hole injection to 

the floating body 24 of the selected memory cell 150 (150a in Fig. 120A). The 

SL terminal 72 (72a in Fig. 120A) and the substrate terminal 78 (78a in Fig. 

120A) are grounded during the write "l" operation, while zero or positive 

voltage can be applied to BW terminal 76 (76a in Fig. 120A) (positive voltage 

can be applied to maintain the resulting positive charge on the floating body 24 

as discussed in the holding operation above). The unselected WL terminals 70 

(70n in Fig. 3 lA) and unselected BL terminals 7 4 (7 4n in Fig. l 20A) will remain 

grounded. 

[00967] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected memory cell 150a: a potential of about 0.0 volts is 

applied to SL terminal 72, a potential of about + 1.2 volts is applied to BL 

terminal 7 4, a potential of about -1.2 volts is applied to WL terminal 70, about 

0.0 volts is applied to BW terminal 76, and about 0.0 volts is applied to substrate 

terminal 78; while the following bias conditions are applied to the unselected 

terminals: about 0.0 volts is applied to SL terminal 72, about 0.0 volts is applied 

to BL terminal 7 4, a potential of about 0.0 volts is applied to WL terminal 70, 

about 0.0 volts is applied to BW terminal 76 (or +1.2 volts so that unselected 
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cells are in the holding operation) and about 0.0 volts is applied to substrate 

terminal 78. Fig. 120A shows the bias condition for the selected memory cell 

150. However, these voltage levels may vazy. 

[00968] Fig. 120B shows bias conditions of the selected (150a) and unselected 

(150b, 150c, 150d) memory cells 150 during an impact ionization write "1" 

operation. A positive voltage is applied to the selected WL terminal 70 (i.e., 70a 

in Fig. 120B) and a positive voltage is applied to the selected BL terminal 74 

(i.e., 74a in Fig. 120B), with the SL terminal 72 (i.e., 72a in Fig. 120B), the BW 

terminal 76 (i.e., 76a in Fig. 120B), and the substrate terminal 78 (i.e., 78a in 

Fig. 120B) are grounded. This condition results in a lateral electric field in the 

channel region sufficient to create hot electrons, which subsequently create 

electron and hole pairs, with the holes being subsequently injected to the floating 

body region 24 of the selected memory cell. The unselected WL terminals 70 

and unselected BL terminals 7 4 are grounded, while the unselected BW terminal 

can be grounded or a positive voltage can be applied thereto to maintain the 

states of the unselected cells. 

[00969] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected memory cell 150a: a potential of about 0.0 volts is 

applied to SL terminal 72, a potential of about + 1.2 volts is applied to BL 

terminal 7 4, a potential of about + 1.2 volts is applied to WL terminal 70, about 

0.0 volts is applied to BW terminal 76, and about 0.0 volts is applied to substrate 

terminal 78; while the following bias conditions are applied to the unselected 

terminals: about 0.0 volts is applied to SL terminal 72, about 0.0 volts is applied 

to BL terminal 7 4, a potential of about 0.0 volts is applied to WL terminal 70, 

about 0.0 volts is applied to BW terminal 76 (or +1.2 volts so that unselected 

cells are in the holding operation) and about 0.0 volts is applied to substrate 

terminal 78. Fig. 120B shows the bias conditions for the selected memory cell 

150. However, these voltage levels may vazy. 

[00970] Fig. 121A shows a cross-sectional schematic illustration of a memory 

string 520 that includes a plurality of memory cells 150 connected in series, 

while Fig. 121B shows a top view of a memory cell array 180, which shows two 

strings of memory cells 520 between the SL terminal 72 and BL terminal 7 4. 

Although Fig. 121B schematically illustrates an array of two strings, it should be 
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noted that the present invention is not limited to hvo strings, as one string, or 

more than hvo string can be made in the same manner as described. Each 

memory string 520 includes a plurality of memory cells 150 connected in a 

NAND architecture, in which the plurality of memory cells 150 are serially 

connected to make one string of memory cells. In a series connection, the same 

current flows through each of the memory cells 150, from the BL terminal 74 to 

the SL terminal 72, or vice versa. String 520 includes ''n" memory cells 150, 

where ''n" is a positive integer, which typically ranges behveen 8 and 64, and in 

at least one example, is 16. However, string 520 could have less than eight cells 

(as low as hvo) or greater than sixty-four cells. The region 18 of a second 

conductivity at one end of the memory string is connected to the BL terminal 74, 

while the source region 16 of a second conductivity at the other end of the 

memory string is connected to the SL terminal 72. 

[00971] Each memory cell transistor 150 includes a floating body region 24 of a 

first conducting type, and first and second regions 20 (corresponding to first and 

second regions 16 and 18 in the single cell embodiments of cell 150 described 

above) of a second conductivity type, which are spaced apart from each other 

and define a channel region. Regions 20 of adjacent memory cells within a 

string 520 are coJlllected together by the conducting region 64. 

[00972] A buried layer 22 isolates the floating body region 24 from the bulk 

substrate 12, while insulating layers 26 isolate the floating body region 24 

behveen adjacent memory cells 150. A gate 60 is positioned above the surface 

of floating body 24 and is in behveen the first and second regions 20. An 

insulating layer 62 is provided behveen gate 60 and floating body 24 to insulate 

gate 60 from floating body 24. 

[00973] Fig. 121C shows an equivalent circuit representation of a memory array 

180 that includes strings 520a and 520b as well as additional strings. In Fig. 

121 C, the memory cells are arranged in a grid, with the rows of the mem01y 

array 180 being defined by the WL terminals 70, while the columns are defined 

by the BL terminals 7 4. Within each column, multiple memory cells 150 are 

serially connected forming the string 520. Adjacent columns are separated by 

columns of isolation, such as shallow trench isolation (STI). 
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[00974] The memory cell operations of memory string 520 vvill be described as 

follows. As vvill be seen, the operation principles of this embodiment of the 

memory string 520 vvill follow the operation principles of memory string 500 

described above, where the back bias terminal 76 available in memory string 520 

can be used to perform holding operation. In some embodiments, the transistors 

at the end of the string 520 (e.g., cells 150a and 150n in Fig. 121A) may be 

configured as access transistors to the memory string 520, wherein the charges 

stored in the associated floating bodies 24 (floating bodies 24a and 24n in the 

example of Fig. 121A) are not read. 

[00975] A read operation is described vvith reference to Figs. 122, 123A and 

123B. The read operation can be performed by applying the following bias 

conditions, where mem01y cell 150c vvithin the memory string 520a is being 

selected (as shown in Fig. 122): a positive voltage is applied to the selected BL 

terminal 7 4, and a positive voltage greater than the positive voltage applied to 

the selected BL terminal 7 4 is applied to the selected WL terminal 70, zero 

voltage is applied to the selected SL terminal 72, zero or positive voltage is 

applied to BW terminal 76, and zero voltage is applied to the substrate terminal 

78. The unselected BL terminals 74 vvill remain at zero voltage and the 

unselected SL terminals 72 vvill remain at zero voltage as shown in Fig. 123A. 

A positive voltage greater than the positive voltage applied to the selected WL 

terminal 70c is applied to passing WL terminals 70a, 70b, 701, 70m, and 70n (see 

Figs. 122 and 123A-123B). Passing WL terminals are coJlllected to the gates of 

the passing cells, i.e. the unselected cells which are serially coJlllected to the 

selected memory cell 150c (e.g. memory cells 150a, 150b, 1501, 150m, and 150n 

in Fig. 122). The voltages applied to the gates of the passing cells are such that 

the passing transistors are turned on, irrespective of the potentials of their 

floating body regions. The passing cells need to be turned on because in a series 

coJlllection, the current flows from the BL terminal 74 to the SL terminal 72 (or 

vice versa) wherein current flows through each of the memory cells 150. As a 

result, the passing cells vvill pass the potentials applied to the SL terminal 72 and 

BL terminal 7 4 to the source and drain regions 20b and 20c of the selected cell 

150c. For example, the memory cell 150n vvill pass the voltage applied to the 

BL terminal 74 to region 20m coJlllected to cell 150n (and 150m), which 
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memory cell 150m vvill subsequently pass to the region 201 connected to cell 

1501, etc. The adjacent passing memory cells sequentially pass the voltage 

applied to BL terminal 74 until it reaches region 20c of the selected memory cell 

soc. 
[00976] In one particular non-limiting embodiment, the follovving bias conditions 

are applied to the selected memory cell 150: a potential of about 0.0 volts is 

applied to SL terminal 72, a potential of about +0.4 volts is applied to BL 

terminal 7 4, a potential of about + 1.2 volts is applied to selected WL terminal 

70, about +3.0 volts is applied to passing WL terminals 70, about 0.0 volts is 

applied to BW terminal 76, and about 0.0 volts is applied to substrate terminal 

78; while the following bias conditions are applied to the unselected terminals: 

about 0.0 volts is applied to SL terminal 72, about 0.0 volts is applied to BL 

terminal 7 4, a potential of about 0.0 volts is applied to WL terminal 70 (but not 

passing WL terminal), about 0.0 volts is applied to BW terminal 76 (or +1.2 

volts is applied to BW terminal 76 to maintain the states of the unselected 

memory cells), and about 0.0 volts is applied to substrate terminal 78. Figs. 

123A-123B show the bias conditions for the selected and unselected memory 

cells in memory array 180. However, these voltage levels may vary. 

[00977] Under these conditions, about+ 1.2 volts vvill be applied to the gate 60c 

and about 0.0 volts and 0.4 volts vvill be passed to the regions 20b and 20c of the 

selected cell 150c, similar to the read condition described in Fig. 117. As 

described, the passing cells are biased so that their channels are conducting, and 

therefore the current flovving from the BL terminal 74 and SL terminal 72 of the 

string 520 is then determined by the potential of the floating body region 24 of 

the selected cell 150c. If cell 150c is in a state "l" having holes in the floating 

body region 24, then the memory cell vvill have a lower threshold voltage (gate 

voltage where the transistor is turned on), and consequently be conducting a 

larger current compared to if cell 150 is in a state''()" having no holes in floating 

body region 24. 

[00978] The current flow from the BL terminal 74 to SL terminal 72 can then be 

measured or sensed using a read circuitry 90 attached to BL terminal 7 4 as 

illustrated in Fig. 123B. The memory state can then be determined by 
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comparing it vvith a reference value generated by a reference generator circuitry 

92 coupled to a reference cell in memory string 520R as shmvn in Fig. 123B. 

[00979] A write''()" operation is described vvith reference to Figs. 124-125, where 

the following bias conditions are applied: zero voltage to the SL terminal 72, 

zero voltage to the WL terminals 70, and negative voltage to the BL terminal 74, 

while the BW terminal 76 and substrate terminal 78 are grounded. Under these 

conditions, the p-n junctions between floating body 24 and regions 20 of the 

memory cells in string 520 are forward-biased, evacuating any holes from the 

floating bodies 24. In one particular non-limiting embodiment, about -1.2 volts 

is applied to terminal 7 4, about 0.0 volts is applied to terminal 70, and about 0.0 

volts is applied to terminals 72, 76, and 78. A positive voltage can also be 

applied to the WL terminals 70 to ensure that the negative voltage applied to the 

BL terminal 7 4 is passed to all the memory cells in string 520. However, these 

voltage levels may vary, while maintaining the relative relationships between the 

charges applied, as described above. 

[00980] An alternative write "O" operation that allows for individual bit writing is 

illustrated in Figs. 126-127 and can be performed by applying a negative voltage 

to BL terminal 74, zero voltage to SL terminal 72, zero voltage to BW terminal 

76, zero voltage to substrate terminal 78, and a positive voltage to passing WL 

terminals. The selected WL terminal is initially grounded until the voltages 

applied to SL terminal 72 and BL terminal 7 4 reach the regions 20b and 20c, 

respectively, of selected memory cell 150c. Subsequently, the potential of the 

selected WL terminal 70 is raised to a positive voltage higher than the positive 

voltage applied to passing WL terminals. Under these conditions, a positive 

voltage vvill be applied to the gate of the selected memory cell (e.g. memory cell 

15 Oc in Figs. 126-12 7) and consequent! y the floating body 24 potential vvill 

increase through capacitive coupling from the positive voltage applied to the WL 

terminal 70. The passing cells (e.g. memory cell 1501, 150m, and 150n) vvill 

pass the negative voltage applied to the BL terminal 74 to the region 20c of the 

memory cell 150c, while passing cells 150a and 150b will pass zero voltage 

applied to the SL terminal 72 to the region 20b of the memory cell 150c, similar 

to the conditions described in regard to Fig. 119. As a result of the floating body 

24 potential increase and the negative voltage applied to the BL terminal 74, the 
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p-njunction behveen floating body region 24c and region 20c is fonvard-biased, 

evacuating any holes from the floating body 24. To reduce undesired write ''()" 

disturb to other memory cells 150 in the memory array 180, the applied potential 

can be optimized as follows: if the floating body 24 potential of state "1" is 

referred to VFBl, then the voltage applied to the selected WL terminal 70 is 

configured to increase the :floating body 24 potential by V FB 112 while -V FB 112 is 

applied to BL terminal 7 4. The voltage applied to WL terminal of the passing 

cells is optimized such that it is high enough to pass the negative voltage applied 

to the BL terminal 7 4, but cannot be too high to prevent the potential of the 

floating body 24 of the passing cells becoming too high, which will result in 

holes being evacuated from the passing cells that are in state "1 ". A higher 

positive voltage can be applied to passing WL terminals passing zero voltage 

applied to the SL terminal 72 (e.g. passing WL terminals to the left of selected 

WL terminal 70c, i.e. 70a and 70b in Fig. 126) than the voltage applied to 

passing WL terminals passing negative voltage applied to the BL terminal 7 4 

(e.g. passing WL terminals to the right of selected WL terminal 70c). This is 

because the higher voltage applied to terminal 72 (compared to the negative 

voltage applied to terminal 74) may require a higher passing gate voltage for the 

passing transistors to be turned on. 

[00981] In one particular non-limiting embodiment, the following bias conditions 

are applied to the mem01y string 520: a potential of about 0.0 volts to SL 

terminal 72, a potential of about -0.2 volts to BL terminal 7 4, a potential of about 

+0.5 volts is applied to selected terminal 70, a potential of about +0.2 volts is 

applied to passing WL terminals 70, about 0.0 volts is applied to BW terminal 

76, and about 0.0 volts is applied to substrate terminal 78; while about 0.0 volts 

is applied to unselected SL terminal 72, about 0.0 volts is applied to unselected 

BL terminal 74, about 0.0 volts is applied to BW terminal 76 (or +1.2 volts is 

applied to BW terminal 7 6 to maintain the states of the unselected mem01y 

cells), about 0.0 volts is applied to unselected (but not passing) WL terminal 70, 

and about 0.0 volts is applied to unselected terminal 78. Figs. 126-127 show the 

bias conditions for the selected and unselected memory cells in memory array 

180 where memory cell 150c is the selected cell. However, these voltage levels 

may vary. 
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[00982] Under these bias conditions, a positive voltage vvill be applied to the gate 

60 of the selected cell 150c, while a negative voltage applied to the BL terminal 

7 4 vvill be passed to the region 20c of the selected cell 150c, and zero voltage 

applied to the SL terminal 72 vvill be passed to the region 20b of the selected cell 

150c. This condition is similar to the condition described in regard to Fig. 119, 

and results in hole evacuation out of the floating body 24c of the cell 150c. 

[00983] A write "1" operation can be performed on memory cell 150 through 

impact ionization as described for example in Lin et al., "AN ew 1 T DRAM Cell 

vvith Enhanced Floating Body Effect", pp. 23-27, IEEE International Workshop 

on Memory Teclmology, Design, and Testing, 2006, which was incorporated by 

reference above, or a write "1" operation can be performed through a band-to­

band tunneling mechanism, as described for example in Yoshida et al., "A 

Design of a Capacitorless IT-DRAM Cell Using Gate-Induced Drain Leakage 

(GIDL) Current for Low-power and High-speed Embedded Memory", pp. 913-

918, International Electron Devices Meeting, 2003, which was incorporated by 

reference above. 

[00984] An example of bias conditions on a selected memory cell 150 under a 

band-to-band tunneling write "1" operation is illustrated in Figs. 128 and 129. A 

negative bias is applied to the selected WL terminal 70, a positive voltage is 

applied to the passing WL terminals 70, zero voltage is applied to the SL 

terminal 72, and a positive bias applied to the BL terminal 7 4, zero voltage is 

applied to the BW terminal 76, while the substrate terminal 78 is grounded. This 

condition results in hole injection to the floating body 24 of the selected memory 

cell (e.g. cell 150c in Figs. 128-129). 

[00985] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected memory cell 150c: a potential of about 0.0 volts is 

applied to SL terminal 72, a potential of about + 1.2 volts is applied to BL 

terminal 7 4, a potential of about -1.2 volts is applied to the selected WL terminal 

70, about+ 3 .0 volts is applied to the passing WL terminals 70, about 0.0 volts is 

applied to BW terminal 76, and about 0.0 volts is applied to substrate terminal 

78; while the following bias conditions are applied to the unselected terminals: 

about 0.0 volts is applied to SL terminal 72, about 0.0 volts is applied to BL 

terminal 7 4, a potential of about 0.0 volts is applied to WL terminal 70 (but not 
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passing WL terminal), about 0.0 volts is applied to BW terminal 76 (or +1.2 

volts is applied to maintain the states of the unselected mem01y cells), and about 

0.0 volts is applied to substrate terminal 78. Fig. 129 shows the bias conditions 

for the selected and unselected memory cells in memory array 180 where 

memory cell 150c is the selected cell. However, these voltage levels may vazy. 

[00986] Under these bias conditions, a negative voltage will be applied to the gate 

60 of the selected cell 150c, while a positive voltage applied to the BL terminal 

7 4 will be passed to the region 20c of the selected cell 150c, and zero voltage 

applied to the SL terminal 72 will be passed to the region 20b of the selected cell 

150c. This condition is similar to the condition described in Fig. 120A, and 

results in hole injection to the floating body 24c of the cell 150c. 

[00987] An example of the bias conditions on the selected memory cell 150 under 

an impact ionization write "1" operation is illustrated in Figs. 130A-130B. A 

positive bias is applied to the selected WL terminal 70, a positive voltage more 

positive than the positive voltage applied to the selected WL terminal 70 is 

applied to the passing WL terminals 70, zero voltage is applied to the SL 

terminal 72, a positive bias is applied to the BL terminal 7 4, and zero voltage is 

applied to BW terminal 76, while the substrate terminal 78 is grounded. These 

conditions result in hole injection to the floating body 24 of the selected memory 

cell (e.g. cell 150c in Figs. 130A-130B). 

[00988] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected memory cell 150c: a potential of about 0.0 volts is 

applied to SL terminal 72, a potential of about + 1.2 volts is applied to BL 

terminal 7 4, a potential of about + 1.2 volts is applied to the selected WL 

terminal 70, about +3.0 volts is applied to the passing WL terminals 70, about 

0.0 volts is applied to BW terminal 76, and about 0.0 volts is applied to substrate 

terminal 78; while the following bias conditions are applied to the unselected 

terminals: about 0.0 volts is applied to SL terminal 72, about 0.0 volts is applied 

to BL terminal 7 4, a potential of about 0.0 volts is applied to WL terminal 70 

(but not passing WL terminal), about 0.0 volts is applied to BW terminal 76 (or 

+ 1.2 volts is applied to BW terminal 76 to maintain the states of the unselected 

memory cells), and about 0.0 volts is applied to substrate terminal 78. Fig. BOB 

shows the bias conditions for the selected and unselected memory cells in 
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memory array 180 (vvith memory cell 150c as the selected cell). However, these 

voltage levels may vary. 

[00989] A multi-level write operation can be performed using an alternating write 

and verify algorithm, where a write pulse is first applied to the memory cell 150, 

followed by a read operation to verify if the desired mem01y state has been 

achieved. If the desired memory state has not been achieved, another write pulse 

is applied to the memory cell 150, followed by another read verification 

operation. Tiris loop is repeated until the desired memory state is achieved. 

[00990] For example, using band-to-band hot hole injection, a positive voltage is 

applied to BL terminal 7 4, zero voltage is applied to SL terminal 72, a negative 

voltage is applied to the selected WL terminal 70, a positive voltage is applied to 

the passing WL terminals, zero voltage is applied to the BW terminal 76 and 

zero voltage is applied to the substrate terminal 78. Positive voltages of different 

amplitudes are applied to BL terminal 7 4 to write different states to floating 

body 24. Tiris results in different floating body potentials 24 corresponding to 

the different positive voltages or the number of positive voltage pulses that have 

been applied to BL terminal 7 4. In one particular non-limiting embodiment, the 

write operation is performed by applying the follovving bias conditions: a 

potential of about 0.0 volts is applied to SL terminal 72, a potential of about -1.2 

volts is applied to the selected WL terminal 70, about +3.0 volts is applied to the 

passing WL terminals, about 0.0 volts is applied to BW terminal 76, and about 

0.0 volts is applied to substrate terminal 78, while the potential applied to BL 

terminal 7 4 is incrementally raised. For example, in one non-limiting 

embodiment, 25 millivolts is initially applied to BL terminal 74, followed by a 

read verify operation. If the read verify operation indicates that the cell current 

has reached the desired state (i.e. cell current corresponding to whichever state 

of 00, 01, 10 or 11 is the desired state has been achieved), then the multi write 

operation is concluded. If the desired state has not been not achieved, then the 

voltage applied to BL terminal 7 4 is raised, for example, by another 25 

millivolts, to 50 millivolts. This is subsequently followed by another read verify 

operation, and this process iterates until the desired state is achieved. However, 

the voltage levels described may vary. The write operation is followed by a read 

operation to verify the memory state. 
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[00991] The string 520 may be constructed from a plurality of planar cells, such 

as the embodiments described above vvith reference to Figs. 23 and 121A, or 

may be constructed from fin-type, three-dimensional cells, such as illustrated in 

Figs. 32-33 above. Other variations, modifications and alternative cells 150 may 

be provided vvithout departing from the scope of the present invention and its 

functionality. 

[00992] Another embodiment of memory array 880 is described vvith reference to 

Figs. 131A-131B, where Fig 131A shows a top view ofthe memory array 880 

consisting of two strings of memory cells 540 between the SL terminal 72 and 

BL terminal 7 4, and Fig. 131 B shows the cross section of a memory string 540. 

Although Fig. 13 lA schematically illustrates an array of two strings, it should be 

noted that the present invention is not limited to two strings, as more than two, 

or even only one string could be provided. 

[00993] Each mem01y string 540 of array 880 includes a plurality of memory 

cells 850 connected in a NAND architecture, in which the plurality of memory 

cells 850 are serially connected to make one string of memory cells. String 540 

includes "n" memory cells 850, where "n" is a positive integer, which typically 

ranges between 8 and 64, and in at least one example, is 16. However, this 

embodiment, like the embodiment above is not limited to the stated range, as 

fewer than eight or more than sixty-four cells could be included in a string. The 

region 18 of a second conductivity at one end of the memory string is connected 

to the BL terminal 74 through contact 73, while the source region 16 of a second 

conductivity at the other end of the memory string is coJlllected to the SL 

terminal 72 through contact 71. In some embodiments, the transistors at the 

ends of the string 540 (e.g., cells 850a and 850n in the example of Fig. 13 lB) 

may be configured as access transistors to the memory string 540, and charged 

stored in the associated floating bodies 24 (24a and 24n in the example of Fig. 

131 B) are not read. 

[00994] Referring to Fig. 131B, the memory cell 850 includes a substrate 12 of a 

first conductivity type, such as p-type, for example. Substrate 12 is typically 

made of silicon, but may also comprise, for example, germanium, silicon 

germanium, gallium arsenide, carbon nanotubes, or other semiconductor 

materials. A buried layer 22 of a second conductivity type such as n-type, for 
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example, is provided in the substrate 12. Buried layer 22 may be formed by an 

ion implantation process on the material of substrate 12. Alternatively, buried 

layer 22 can also be grmvn epitaxially on top of substrate 12. 

[00995] A floating body region 24 of the first conductivity type, such as p-type, 

for example, is bounded on top by region 16 (or region 18 or region 20) of the 

second conductivity type and insulating layer 62, on the sides by region 16 (or 

region 18 or region 20) of the second conductivity type and insulating layers 30 

and 26 (like, for example, shallow trench isolation (STI)), may be made of 

silicon oxide, for example. Insulating layer 30 and the region 16 (or region 18 or 

region 20) of the second conductivity type insulate the floating body region 24 

along the I-I' direction as shown in Fig. 131B, while insulating layer 28 insulates 

the floating body region 24 along the 11-11' direction as shown in Fig. 131A. 

[00996] Regions 16, 18, and 20 having a second conductivity type, such as n-

type, for example, are provided in substrate 12 and are exposed at surface 14. 

Regions 16, 18, and 20 may be formed by an implantation process formed on the 

material making up substrate 12, according to any implantation process known 

and typically used in the art. Alternatively, a solid state diffusion process could 

be used to form regions 16, 18, and 20. Although regions 16, 18, and 20 have 

the same conductivity type (for example n-type), the dopant concentration 

forming these regions can be (but need not necessarily be) different. In Figs. 

131A and 131B, regions 16 and 18 are located at the ends of the memory string 

540, while regions 20 are located inside the memory string 540, isolating 

adjacent floating body regions 24 of adjacent memory cells 850. 

[00997] A gate 60 is positioned above the surface of floating body 24 and is in 

between the first and second regions 20 (or between region 16 and region 20 or 

between region 18 and region 20). The gate 60 is insulated from floating body 

region 24 by an insulating layer 62. 

[00998] Insulating layer 62 may be made of silicon oxide and/or other dielectric 

materials, including high-K dielectric materials, such as, but not limited to, 

tantalum peroxide, titanium oxide, zirconium oxide, hafuium oxide, and/or 

aluminum oxide. The gate 60 may be made of, for example, polysilicon material 

or metal gate electrode, such as tungsten, tantalum, titanium and their nitrides. 
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[00999] Memory string 540 further includes word line (WL) terminals 70 

electrically connected to gates 60, source line (SL) terminal 72 electrically 

connected to region 16, bit line (BL) terminal 74 electrically connected to region 

18, buried layer (BW) terminal 7 6 connected to buried layer 22, and substrate 

terminal 78 electrically connected to substrate 12. 

[001000] The BW terminal 76 coJlllected to the buried layer region 22 serves as a 

back bias terminal, i.e. a terminal at the back side of a semiconductor transistor 

device, usually at the opposite side of the gate of the transistor. 

[001001] A method of manufacturing memory array 880 will be described with 

reference to Figs. 132A-132U. These figures are arranged in groups of three 

related views, with the first figure of each group being a top view of memory 

cell 850, the second figure of each group being a vertical cross section of the top 

view in the first figure of the group designated 1-1', and the third figure of each 

group being a vertical cross section of the top view in the first figure of the 

group designated II-II'. 

[001002] Turning now to Figs. 132A through 132C, the first steps of the process 

can be seen starting with growing a thick conductive region 202 comprised of a 

different material from the materials forming the substrate region 12. The 

conductive region 202 can be selectively etched without removing the substrate 

region 12. For example, the conductive region 202 could be made of silicon 

germaruum (SiGe) material, while substrate 12 could be made of silicon, 

although materials for both of these layers may vary. 

[001003] As shown in Figs. 132D through 132F, a pattern 30' covering the areas to 

become insulator region 30 (as shown in the final structures in Figs. 132S 

through 132U) is formed using a lithography process. The conductive region 

202 is then etched following the lithography pattern. 

[001004] Referring to Figs. 132G through 1321, a conductive reg10n 204 

comprising for example the same material forming the substrate 12 is grown 

(like, for example, silicon). A chemical mechanical polishing step can then be 

performed to polish the resulting films so that the silicon surface is flat. 

Subsequently, a thin layer of silicon oxide 206 is grown on the surface of film 

204. This is followed by a deposition of a polysilicon layer 208 and then silicon 

nitride layer 210. 

208 

efiling
Rectangle



WO 2011/097592 PCT/US2011/023947 

Atty. Docket: ZEN0-012WO 

[001005] Next, a pattern is formed for use in opening the areas to become insulator 

regions 28. The pattern can be formed using a lithography process. This is then 

followed by dry etching of the silicon nitride layer 210, polysilicon layer 208, 

silicon oxide layer 206, and silicon layer 204, creating trench 212, as shmvn in 

Figs. 132J and 132L (trenches 212 are not visible in the view of Fig. 132K). 

[001006] A wet etch process that selectively removes the region 202 is then 

performed, leaving gaps that are mechanically supported by region 204 The 

resulting gap regions are then oxidized to form buried oxide regions 30 as shown 

in Figs. 132N and 1320. Subsequently, the remaining silicon nitride layer 210, 

polysilicon layer 208, and silicon oxide layer 206 are then removed, followed by 

a silicon oxide deposition process and a chemical mechanical polishing step to 

planarize the resulting silicon oxide film, resulting in the silicon oxide insulator 

region 28 as shown in Figs. 132M and 1320. Alternatively, the silicon 

deposition step can be performed prior to the removal of the silicon nitride layer 

210, polysilicon layer 208 and silicon oxide layer 206. 

[001007] Referring to Figs. 132P through 132R, an ion implantation step is next 

performed to form the buried layer region 22. Subsequently a silicon oxide layer 

(or high-dielectric material layer) 62 is formed on the silicon surface (Figs. 

132Q-132R), followed by polysilicon (or metal) layer 214 deposition (Figs. 

132Q-132R). 

[001008] A pattern covering the area to be made into gate 60 is next made, such as 

by using a lithography process. The pattern forming step is followed by dry 

etching of the polysilicon (or metal) layer 214 and silicon oxide (or high 

dielectric materials) layer 62. An ion implantation step is then performed to 

form the regions 20 of the second conductivity type (e.g. n-type). The 

conductive region 204 underneath the gate region 60 is protected from the ion 

implantation process and is now bounded by regions 20, insulating layer 30 and 

insulating layer 28 on the sides, and by buried layer 22 from the substrate 12, 

and by insulating layer 62 at the surface, forming the floating body region 24 

(see Fig. 132T). This is then followed by backend process to form contact and 

metal layers (not shown in figures). 

[001009] Another embodiment of memory array is shown as memory array 980 in 

Fig. 133, wherein memory array 980 comprises a link connecting a plurality of 
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memory cells 950 in parallel. Fig. 134A shows a top view of memory cell 950 

in isolation, with Figs. 134B and 134C showing sectional views of the memory 

cell 950 taken along lines I-I' and 11-11', respectively. 

[001010] Referring to Figs. 134B and 134C together, the cell 950 is fabricated on 

silicon on insulator (SOI) substrate 12 of a first conductivity type such as a p­

type, for example. Substrate 12 is typically made of silicon, but may also 

comprise, for example, germanium, silicon germanium, gallium arsenide, carbon 

nanotubes, or other semiconductor materials. A buried insulator layer 22, such 

as buried oxide (BOX), is provided in the substrate 12. 

[001011] A floating body region 24 of the first conductivity type, such as p-type, 

for example, is bounded on top by insulating layer 62, on the sides by regions 20 

of a second conductivity type and insulating layers 26, and on the bottom by 

buried layer 22. Insulating layers 26 (like, for example, shallow trench isolation 

(STI)), may be made of silicon oxide, for example. Insulating layers 26 insulate 

cell 950 from neighboring cells 950 when multiple cells 950 are joined in an 

array 980 to make a mem01y device as illustrated in Figs. 133 and 135. 

[001012] Regions 20 having a second conductivity type, such as n-type, for 

example, are provided in substrate 12 and are exposed at surface 14. Regions 20 

may be formed by an implantation process formed on the material making up 

substrate 12, according to any implantation process knmvn and typically used in 

the art. Alternatively, a solid state diffusion process could be used to form 

regions 20. 

[001013] A gate 60 is positioned above the :floating body region 24 and regions 20. 

The gate 60 is insulated from floating body region 24 by an insulating layer 62. 

Insulating layer 62 may be made of silicon oxide and/or other dielectric 

materials, including high-K dielectric materials, such as, but not limited to, 

tantalum peroxide, titanium oxide, zirconium oxide, hafuium oxide, and/or 

aluminum oxide. The gate 60 may be made of, for example, polysilicon material 

or metal gate electrode, such as tungsten, tantalum, titanium and their nitrides. 

[001014] Region 20 is continuous (electrically conductive) in the direction along 

the 11-11' direction (referring to Fig. 134A) and can be used to connect several 

memory cells 950 in parallel as shown in the equivalent circuit representation of 

the memory array 980 in Figs. 47 and 49 (where regions 20 are connected to bet 
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line (BL) terminals 74. Connections behveen regions 20 and bit line (BL) 

terminals 7 4a and 7 4b can be made through contacts 73 at the edge of the 

parallel connections (see Fig. 133). An adjacent pair of continuous regions 20 

can be used to connect a link of cells 950 in parallel. Cell 950 further includes 

word line (WL) terminal 70 electrically coJlllected to gate 60 and substrate 

terminal 78 electrically coJlllected to substrate 12 (see Figs. 134B-134C). In a 

parallel coJlllection, the voltage applied to the BL terminals 7 4 is about the same 

across all memory cells 950 (small differences might occur due to voltage drop 

along the bit lines) and the current will only flow through the selected memory 

cell 950. 

[001015] Because it is possible to minimize the number of coJlllections to BL 

terminals by making them only at the edge of the parallel connections, the 

number of contacts can be reduced, for example to hvo contacts, for each 

parallel connection. No contacts are made to the regions 20 of the memory cells 

950 that are not at the edge of the parallel coJlllections in memory array 980, 

resulting in contactless memory cells in locations that are not at the edge (end). 

The number of contacts can be increased to reduce the resistance of the parallel 

connections if desired. 

[001016] A read operation is described with reference to Figs. 136-137, where 

memory cell 950b is being selected (as shown in Fig. 136). The following bias 

conditions may be applied: a positive voltage is applied to BL terminal 74b, zero 

voltage is applied to BL terminal 7 4c, a positive voltage is applied to WL 

terminal 70b, and zero voltage is applied to substrate terminal 78. The 

unselected BL terminals (e.g. BL terminal 74a, 74d, ... , 74p in Fig. 136) are left 

floating, the unselected WL terminals (e.g. WL terminal 70a, 70m, 70n in Fig. 

136) will remain at zero voltage, and the unselected substrate terminal 78 will 

remain at zero voltage. Alternatively, the unselected BL terminals to the right of 

BL terminal 7 4c (where zero voltage is applied to) can be grounded. A positive 

voltage of the same amplitude as that applied to BL terminal 74b can be applied 

to the unselected BL terminals to the left of BL terminal 74b. Because the 

region 20b (connected to BL terminal 74b) is shared with the adjacent cell 950a, 

the unselected BL terminals to the left of BL terminal 74b (where a positive 

voltage is applied to) need to be left floating or have a positive voltage applied 
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thereto to prevent any parasitic current flowing from BL terminal 7 4b to the BL 

terminals to the left of BL terminal 7 4b. Alternatively, the bias conditions on 

BL terminals 74b and 74c (coJlllected to regions 20 of the selected mem01y cell 

9 5 Ob) may be reversed. 

[001017] In one particular non-limiting embodiment, the follmving bias conditions 

are applied to the selected memory cell 950b: a potential of about +0.4 volts is 

applied to BL terminal 7 4b, a potential of about 0.0 volts is applied to BL 

terminal 74c, a potential of about+ 1.2 volts is applied to WL terminal 70b, and 

about 0.0 volts is applied to substrate terminal 78; while the following bias 

conditions are applied to the unselected terminals: about 0.0 volts is applied to 

unselected WL terminals, about 0.0 volts is applied to unselected substrate 

terminals, while the unselected BL terminals are left :floating. 

[001018] As shown in Fig. 137, about+ 1.2 volts are applied to the gate 60b, about 

0.4 volts are applied to the region 20b (connected to BL terminal 74b), about 0.0 

volts are applied to region 20c (connected to BL terminal 74c), and about 0.0 

volts are applied to substrate 12 of selected memory cell 950b. The current 

flowing from BL terminal 7 4b to BL terminal 7 4c will then be determined by the 

potential of the floating body region 24 of the selected cell 950b. 

[001019] If cell 950b is in a state "1" having holes in the floating body region 24, 

then the memory cell will have a lower threshold voltage (gate voltage where the 

transistor is turned on), and consequently be conducting a larger current 

compared to if cell 950b is in a state "O" having no holes in floating body region 

24. The cell current can be sensed by, for example, a sense amplifier circuit 

connected to BL terminal 74b. 

[001020] A write''()" operation is described with reference to Figs. 138-139, where 

the following bias conditions are applied: zero voltage to the WL terminals 70, 

and negative voltage to the BL terminal 74b, while the substrate terminal 78 is 

grounded. Under these conditions, the p-n junction between :floating body 24 

and region 20b of the memory cell 950 is forward-biased, evacuating any holes 

from the :floating body 24. The unselected BL terminals 7 4 can be left floating 

or grounded, the unselected WL terminals 70 will remain at zero voltage, and the 

unselected substrate terminal 78 will remain at zero voltage. 
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[001021] In one particular non-limiting embodiment, about -1.2 volts is applied to 

terminal 7 4b, about 0.0 volts is applied to terminal 70, and about 0.0 volts is 

applied to terminal 78. However, these voltage levels may vazy, while 

maintaining the relative relationship between the charges applied, as described 

above. Because BL terminal 74b is connected to several memory cells 950, all 

memory cells coJlllected to BL terminal 7 4b will be written to state "O", as 

indicated by the memory cells inside the dashed lines in Fig. 138. 

[001022] An alternative write "O" operation that allows for more selective bit 

writing is shown in Figs. 140-141 and can be performed by applying a negative 

voltage to BL terminal 7 4b, zero voltage to substrate terminal 78, and a positive 

voltage to WL terminal 70b. The unselected WL terminals will remain at zero 

voltage, the unselected BL terminals will be left :floating or grounded, and the 

unselected substrate terminal 78 will remain at zero voltage. 

[001023] Under these conditions, a positive voltage will be applied to the gate of 

the selected memory cell (e.g. memory cell 950a and 950b in Fig. 140, see also 

gate 60b in Fig. 141) and consequently the :floating body 24 potential will 

increase through capacitive coupling from the positive voltage applied to the WL 

terminal 70. As a result of the floating body 24 potential increase and the 

negative voltage applied to the BL terminal 74b, the p-njunction between 24 and 

region 20b is forward-biased, evacuating any holes from the floating body 24. 

To reduce undesired write "O" disturb to other memory cells 950 in the mem01y 

array 980, the applied potential can be optimized as follows: ifthe floating body 

24 potential of state "l" is referred to V FB 1, then the voltage applied to the 

selected WL terminal 70 is configured to increase the floating body 24 potential 

by VFBi/2 while -VFBi/2 is applied to BL terminal 74b. Under these conditions, 

memory cell 950a and 950b will be written to state ''()" (compared to the 

previous write ''()" described above, which results in all mem01y cells sharing 

the same BL terminal 7 4b to be written to state "O"). 

[001024] In one particular non-limiting embodiment, the following bias conditions 

are applied to the memory cell 950: a potential of about -0.2 volts to BL terminal 

7 4b, a potential of about +0.5 volts is applied to selected WL terminal 70b, and 

about 0.0 volts is applied to substrate terminal 78; while unselected BL terminals 

7 4 are left floating, about 0.0 volts is applied to unselected WL terminal 70, and 
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about 0.0 volts is applied to unselected terminal 78. Fig. 140 shows the bias 

conditions for the selected and unselected memory cells in memory array 980 

where memory cells 950a and 950b are the selected cells. However, these 

voltage levels may vary. 

[001025] An example of the bias conditions on a selected memory cell 950b under 

an impact ionization write "1" operation is illustrated in Figs. 142-143. A 

positive bias is applied to the selected WL terminal 70b, zero voltage is applied 

to the BL terminal 7 4c, a positive bias applied to the BL terminal 7 4b, while the 

substrate terminal 78 is grounded. This condition results in a lateral electric field 

sufficient to generate energetic electrons, which subsequently generate electron­

hole pairs, followed by hole injection to the :floating body 24 of the selected 

memory cell (e.g. cell 950b in Figs. 142-143). The unselected WL terminals 

(e.g. WL terminal 70a, 70c, 70m, and 70n in Fig. 142) are grounded, the 

unselected BL terminals (e.g. BL terminal 74a, 74d, 74m, 74n, 740, and 74p in 

Fig. 142) are left :floating, and the unselected substrate terminal 78 is grounded. 

Alternatively, the unselected BL terminals to the right of BL terminal 7 4c 

(where zero voltage is applied to) can be grounded. A positive voltage of the 

same amplitude as that applied to BL terminal 74b can be applied to the 

unselected BL terminals to the left of BL terminal 7 4b. Because the region 20b 

(connected to BL terminal 74b) is shared with the adjacent cell 950a, the 

unselected BL terminals to the left of BL terminal 7 4b (where a positive voltage 

is applied to) need to be left :floating or applied a positive voltage to prevent any 

parasitic current :flowing from BL terminal 7 4b to the BL terminals to the left of 

BL terminal 7 4b, which can cause undesired write "1" operations to at least one 

unselected memory cell 950. 

[001026] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected memory cell 950b: a potential of about 0.0 volts is 

applied to BL terminal 7 4c, a potential of about + 1.2 volts is applied to BL 

terminal 7 4b, a potential of about + 1.2 volts is applied to the selected WL 

terminal 70b, and about 0.0 volts is applied to substrate terminal 78; while the 

following bias conditions are applied to the unselected terminals: a potential of 

about 0.0 volts is applied to unselected WL terminals 70 (e.g. WL terminals 70a, 

70m, and 70n in Fig. 142), about 0.0 volts is applied to substrate terminal 78, 
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and the unselected BL terminals 74 (e.g. BL terminals 74c, 74d, 74m, 74n, 740, 

and 74p in Fig. 142) are left floating. Figs. 142-143 show the bias conditions for 

the selected and unselected memory cells in memory array 980 (with mem01y 

cell 950b as the selected cell). However, these voltage levels may vazy. 

Alternatively, the bias conditions on BL terminals 74b and 74c (connected to 

regions 20 of the selected memory cell 950b) may be reversed. 

[001027] Fig. 144 schematically illustrates a memory array according to another 

embodiment of the present invention. Memory array 1080 includes a plurality of 

memory cells 1050. Fig. 145A shows a top view of memory cell 1050 in 

isolation, with Figs. 145B and 145C showing sectional views of the memory cell 

1050 taken along lines I-I' and 11-11' of Fig. 145A, respectively. 

[001028] Referring to Figs. 145B and 145C together, the cell 1050 includes a 

substrate 12 of a first conductivity type such as a p-type, for example. Substrate 

12 is typically made of silicon, but may also comprise, for example, germanium, 

silicon germanium, gallium arsenide, carbon nanotubes, or other semiconductor 

materials. A buried layer 22 of a second conductivity type such as n-type, for 

example, is provided in the substrate 12. Buried layer 22 may be formed by an 

ion implantation process on the material of substrate 12. Alternatively, buried 

layer 22 can be grown epitaxially on top of substrate 12. 

[001029] A floating body region 24 of the first conductivity type, such as p-type, 

for example, is bounded on top by regions 20 and insulating layer 62, on the 

sides by insulating layers 26, and on the bottom by buried layer 22. Insulating 

layers 26 (like, for example, shallow trench isolation (STI)), may be made of 

silicon oxide, for example. Insulating layers 26 insulate cell 1050 from 

neighboring cells 1050 when multiple cells 1050 are joined in an array 1080 to 

make a memory device as illustrated in Fig. 144. 

[001030] Regions 20 having a second conductivity type, such as n-type, for 

example, are provided in substrate 12 and are exposed at surface 14. Regions 20 

are formed by an implantation process formed on the material making up 

substrate 12, according to any implantation process knmvn and typically used in 

the art. Alternatively, a solid state diffusion process could be used to form 

regions 20. 
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[001031] A gate 60 is positioned above the :floating body region 24, regions 20 and 

insulating layers 26. The gate 60 is insulated from floating body region 24 by an 

insulating layer 62. Insulating layer 62 may be made of silicon oxide and/or 

other dielectric materials, including high-K dielectric materials, such as, but not 

limited to, tantalum peroxide, titanium oxide, zirconium oxide, hafuium oxide, 

and/or aluminum oxide. The gate 60 may be made of, for example, polysilicon 

material or metal gate electrode, such as tungsten, tantalum, titanium and their 

nitrides. 

[001032] Region 20 is continuous (electrically conductive) in the direction along 

the 11-11' direction (referring to Fig. 145A) and can be used to connect several 

memory cells 1050 in parallel as shmvn in the equivalent circuit representation 

of the memory array 1080 in Figs. 144 and 146 (where the regions 20 are 

connected to bit line (BL) terminals 74). CoIUlections between regions 20 and 

bit line (BL) terminals 7 4a and 7 4b can be made through contacts 73 at the edge 

of the parallel connections (see Fig. 144). An adjacent pair of continuous 

regions 20 can be used to connect a link of cells 1050 in parallel. In a parallel 

connection, the voltage applied to the BL terminals 7 4 is about the same across 

all memory cells 1050 (small differences might occur due to voltage drop along 

the bit lines) and the current will only flow through the selected memory cell 

1050. Cell 1050 further includes word line (WL) terminal 70 electrically 

connected to gate 60, buried well (HW) terminal 7 6 connected to buried layer 

22, and substrate terminal 78 electrically coJlllected to substrate 12 (see Figs. 

145B-145C). 

[001033] Because it is possible to make connections to BL terminals only at the 

edge of the parallel coJlllections, the number of contacts can be reduced, for 

example to two contacts, for each parallel connection. No contacts to the 

memory cells that are not at the edge of the parallel connection are necessary, as 

these are contactless memory cells that are continuously linked by regions 20. 

The number of contacts can be increased to reduce the resistance of the parallel 

connections if desired. 

[001034] A read operation of the embodiment of Figs. 144-145C is described with 

reference to Figs. 147-148, where memory cell 1050b is being selected (as 

shown in Fig. 147). The following bias conditions may be applied: a positive 
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voltage is applied to BL terminal 7 4a, zero voltage is applied to BL terminal 

7 4b, a positive voltage is applied to WL terminal 70b, zero voltage is applied to 

BW terminal 76 and zero voltage is applied to substrate terminal 78. The 

unselected BL terminals (e.g. BL terminal 74c, 74d, ... , 74p in Fig. 147) vvill 

remain at zero voltage, the unselected WL terminals (e.g. WL terminal 70a, 

70m, 70n in Fig. 147) vvill remain at zero voltage, the unselected BW terminals 

7 6 vvill remain at zero voltage (or a positive bias can be applied to maintain the 

states of the unselected memory cells), and the unselected substrate terminals 78 

vvill remain at zero voltage. Alternatively, the bias conditions on BL terminals 

7 4a and 7 4b (connected to regions 20 of the selected memory cell 1050b) may 

be reversed. 

[001035] In one particular non-limiting embodiment, the follovving bias conditions 

are applied to the selected memory cell 1050b: a potential of about +0.4 volts is 

applied to BL terminal 74a, a potential of about 0.0 volts is applied to BL 

terminal 74b, a potential of about + 1.2 volts is applied to WL terminal 70b, 

about 0.0 volts is applied to BW terminal 76 and about 0.0 volts is applied to 

substrate terminal 78; while the follovving bias conditions are applied to the 

unselected terminals: about 0.0 volts is applied to unselected BL terminals, about 

0.0 volts is applied to unselected WL terminals, about 0.0 volts is applied to 

unselected BW terminals (or+ 1.2 volts is applied to BW terminal 76 to maintain 

the states of the unselected memory cells), and about 0.0 volts is applied to 

unselected substrate terminals. 

[001036] As shown in Fig. 148, about+ 1.2 volts vvill be applied to the gate 60b 

(connected to terminal 70b), about 0.4 volts vvill be applied to the region 20a 

(connected to BL terminal 74a), about 0.0 volts vvill be applied to region 20b 

(connected to BL terminal 74b), about 0.0 volts vvill be applied to buried layer 

22, and about 0.0 vvill be applied to substrate 12 of selected memory cell 1050b. 

The current flowing from BL terminal 74a to BL terminal 74b vvill then be 

determined by the potential of the floating body region 24 of the selected cell 

1050b. 

[001037] If cell 1050b is in a state "1" having holes in the floating body region 24, 

then the memory cell vvill have a lower threshold voltage (gate voltage where the 

transistor is turned on), and consequently be conducting a larger current 
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compared to if cell 1050b is in a state ''()" having no holes in floating body 

region 24. The cell current can be sensed by, for example, a sense amplifier 

circuit connected to BL terminal 74a. 

[001038] A write''()" operation is described vvith reference to Figs. 149-150, where 

the following bias conditions are applied: zero voltage to the BL terminal 7 4b, 

zero voltage to the WL terminals 70, and negative voltage to the BL terminal 

74a, while the BW terminal 76 and substrate terminal 78 are grounded. Under 

these conditions, the p-njunction between floating body 24 and region 20a of the 

memory cell 1050 is forward-biased, evacuating any holes from the floating 

body 24. In one particular non-limiting embodiment, about -1.2 volts is applied 

to terminal 7 4a, about 0.0 volts is applied to terminal 70, and about 0.0 volts is 

applied to terminals 76 and 78. However, these voltage levels may vary, while 

maintaining the relative relationship between the charges applied, as described 

above. Alternatively, the write ''()" operation can be achieved by reversing the 

bias conditions applied to BL terminals 7 4a and 7 4b. 

[001039] An alternative write "O" operation that allows for individual bit writing 

are shown in Figs. 151-152 and can be performed by applying a negative voltage 

to BL terminal 7 4a, zero voltage to BL terminal 7 4b, zero voltage to BW 

terminal 76, zero voltage to substrate terminal 78, and a positive voltage to WL 

terminal 70. Under these conditions, a positive voltage will be applied to the 

gate of the selected memory cell (e.g. memory cell 1050b in Figs. 151-152) and 

consequently the floating body 24 potential vvill increase through capacitive 

coupling from the positive voltage applied to the WL terminal 70. As a result of 

the :floating body 24 potential increase and the negative voltage applied to the 

BL terminal 7 4a, the p-n junction between 24 and region 20a is forward-biased, 

evacuating any holes from the floating body 24. To reduce undesired write ''()" 

disturb to other memory cells 1050 in the memory array 1080, the applied 

potential can be optimized as follows: if the floating body 24 potential of state 

"l" is referred to VFBl, then the voltage applied to the selected WL terminal 70 is 

configured to increase the :floating body 24 potential by V FB 112 while -V FB 112 is 

applied to BL terminal 7 4a. 

[001040] In one particular non-limiting embodiment, the follovving bias conditions 

are applied to the memory cell 1050b: a potential of about 0.0 volts to BL 
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terminal 7 4b, a potential of about -0.2 volts to BL terminal 7 4a, a potential of 

about +0.5 volts is applied to selected WL terminal 70b, about 0.0 volts is 

applied to BW terminal 76, and about 0.0 volts is applied to substrate terminal 

78; while about 0.0 volts is applied to unselected BL terminals 7 4, about 0.0 

volts is applied to BW terminal 7 6 (or+ 1.2 volts is applied to BW terminal 7 6 to 

maintain the states of the unselected memory cells), about 0.0 volts is applied to 

unselected WL terminal 70, and about 0.0 volts is applied to unselected terminal 

78. Figs. 151-152 show the bias conditions for the selected and unselected 

memory cells in memory array 1080 where memory cell 1050b is the selected 

cell. However, these voltage levels may vary. Alternatively, the write "O" 

operation can be achieved by reversing the bias conditions applied to BL 

terminals 7 4a and 7 4b. 

[001041] An example of the bias conditions on a selected memory cell 1050b 

undergoing a band-to-band tunneling write "1" operation is illustrated in Figs. 

153 and 154. A negative bias is applied to the selected WL terminal 70b, zero 

voltage is applied to the BL terminal 7 4b, a positive bias is applied to the BL 

terminal 74a, zero voltage is applied to the BW terminal 76, and the substrate 

terminal 78 is grounded. These conditions cause electrons flow to the BL 

terminal 7 4a, generating holes which subsequently are injected into the floating 

body region 24. 

[001042] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected memory cell 1050b: a potential of about 0.0 volts is 

applied to BL terminal 7 4b, a potential of about + 1.2 volts is applied to BL 

terminal 7 4a, a potential of about -1.2 volts is applied to the selected WL 

terminal 70b, about 0.0 volts is applied to BW terminal 76, and about 0.0 volts is 

applied to substrate terminal 78; while the following bias conditions are applied 

to the unselected terminals: about 0.0 volts is applied to unselected BL terminals 

(e.g. BL terminals 74c, 74d, 74m, 74n, 740, and 74p in Fig. 153), a potential of 

about 0.0 volts is applied to unselected WL terminals 70 (e.g. WL terminals 70a, 

70m, and 70n in Fig. 153), about 0.0 volts is applied to unselected BW terminals 

76 (or + 1.2 volts is applied to maintain the states of the unselected memory 

cells), and about 0.0 volts is applied to unselected substrate terminals 78. Figs. 

153-154 show the bias conditions for the selected and unselected memory cells 
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in memory array 1080 where mem01y cell 1050b is the selected cell. However, 

these voltage levels may vary. Alternatively, the write "l" operation can be 

achieved by reversing the bias conditions applied to BL terminals 7 4a and 7 4b. 

[001043] An example of the bias conditions on a selected memory cell 1050b 

undergoing an impact ionization write "l" operation is illustrated in Figs. 155-

156. A positive bias is applied to the selected WL terminal 70b, zero voltage is 

applied to the BL terminal 74b, a positive bias is applied to the BL terminal 74a, 

zero voltage is applied to BW terminal 76, and the substrate terminal 78 is 

grounded. These conditions cause a lateral electric field sufficient to generate 

energetic electrons, which subsequently generate electron-hole pairs, followed 

by hole injection into the :floating body 24 of the selected memory cell (e.g. cell 

1050b in Figs. 155-156). 

[001044] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected memory cell 1050b: a potential of about 0.0 volts is 

applied to BL terminal 7 4b, a potential of about + 1.2 volts is applied to BL 

terminal 7 4a, a potential of about + 1.2 volts is applied to the selected WL 

terminal 70b, about 0.0 volts is applied to BW terminal 76, and about 0.0 volts is 

applied to substrate terminal 78; while the following bias conditions are applied 

to the unselected terminals: about 0.0 volts is applied to unselected BL terminals 

74 (e.g. BL terminals 74c, 74d, 74m, 74n, 740, and 74p in Fig. 155), a potential 

of about 0.0 volts is applied to unselected WL terminals 70 (e.g. WL terminals 

70a, 70m, and 70n in Fig. 155), about 0.0 volts is applied to BW terminal 76 (or 

+ 1.2 volts is applied to BW terminal 76 to maintain the states of the unselected 

memory cells), and about 0.0 volts is applied to substrate terminal 78. Figs. 155-

156 show the bias conditions for the selected and unselected memory cells in 

memory array 1080 (with mem01y cell 1050b as the selected cell). However, 

these voltage levels may vary. Alternatively, the write "l" operation can be 

achieved by reversing the bias conditions applied to BL terminals 7 4a and 7 4b. 

[001045] Fig. 157 shows an alternative embodiment of memory array 1090, where 

adjacent regions 20 are coJlllected to a common BL terminal 7 4 through a 

conductive region 64. The operation of memory array 1090 is similar to that of 

memory array 980 fabricated on a silicon on insulator (SOI) surface, where 

regions 20 are shared between two adjacent mem01y cells 950. 
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[001046] Fig. 158A shows another embodiment of a memory array, referred to as 

1180. Memory array 1180 comprises a plurality of memory cells 1150. Fig. 

158B shows a memory cell 1150 in isolation while Figs. 158C and 158D show 

sectional views of the memory cell 1150 of Fig. 158B taken along lines 1-1' and 

11-11' of Fig. 158B, respectively. 

[001047] Memory cell 1150 includes a substrate 12 of a first conductivity type 

such as a p-type, for example. Substrate 12 is typically made of silicon, but may 

also comprise, for example, germanium, silicon germanium, gallium arsenide, 

carbon nanotubes, or other semiconductor materials. A buried layer 22 of a 

second conductivity type such as n-type, for example, is provided in the 

substrate 12. Buried layer 22 may be formed by an ion implantation process on 

the material of substrate 12. Alternatively, buried layer 22 can be grown 

epitaxially on top of substrate 12. 

[001048] A floating body region 24 of the first conductivity type, such as p-type, 

for example, is bounded on top by region 16 and insulating layer 62, on the sides 

by insulating layers 26 and 28, and on the bottom by buried layer 22, see Figs. 

158C-158D. Insulating layers 26 and 28 (like, for example, shallow trench 

isolation (STI)), may be made of silicon oxide, for example. Insulating layers 26 

and 28 insulate cell 1150 from neighboring cells 1150 when multiple cells 1150 

are joined in an array 1180 to make a memory device as illustrated in Fig. 158A. 

Insulating layer 26 insulate both body region 24 and buried region 22 of adjacent 

cells (see Fig. 158C), while insulating layers 28 insulate neighboring body 

regions 24, but not the buried layer 22, allowing the buried layer 22 to be 

continuous (i.e. electrically conductive) in one direction (along the 11-11' 

direction as shown in Fig. 158D). 

[001049] A region 16 having a second conductivity type, such as n-type, for 

example, is provided in substrate 12 and is exposed at surface 14. Region 16 is 

formed by an implantation process formed on the material making up substrate 

12, according to any implantation process lmown and typically used in the art. 

Alternatively, a solid state diffusion process can be used to form region 16. 

Region 16 is continuous (electrically conductive) in the direction along the 11-11' 

direction (referring to Fig. 158B) and can be used to connect several mem01y 
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cells 1150 in parallel like shown in the equivalent circuit representation of the 

memory array 1180 in Fig. 159. 

[001050] A gate 60 is positioned in between the region 16 and insulating layer 26 

and above the floating body region 24. The gate 60 is insulated from floating 

body region 24 by an insulating layer 62, see Fig. 158C. Insulating layer 62 may 

be made of silicon oxide and/or other dielectric materials, including high-K 

dielectric materials, such as, but not limited to, tantalum peroxide, titanium 

oxide, zirconium oxide, hafuium oxide, and/or aluminum oxide. The gate 60 

may be made of, for example, polysilicon material or metal gate electrode, such 

as tungsten, tantalum, titanium and their nitrides. 

[001051] Contact between bit line (BL) terminal 74a and region 16 and contact 

between source line (SL) terminal 72a and buried layer 22 can be made at the 

edge of the parallel connections. Cell 1150 further includes word line (WL) 

terminal 70 electrically connected to gate 60 and substrate terminal 78 

electrically coJlllected to substrate 12. Region 16 (connected to BL terminal 74) 

and buried layer 22 (coJlllected to SL terminal 72) can be used to connect a link 

of cells 1150 in parallel. In a parallel connection, the voltage applied to the SL 

terminal 72 and BL terminal 7 4 is about the same for all mem01y cells 1150 

(small differences might occur due to voltage drop along the bit lines) and the 

current will only flow through the selected mem01y cell 1150. 

[001052] Fig. 159 shows an equivalent circuit representation of memory array 

1180, where a plurality of memory cells 1150 are coJlllected in parallel. Because 

it is possible to make coJlllections to SL and BL terminals at only the edge of the 

parallel connections, the number of contacts can be reduced, for example to two 

contacts, for each parallel connection. No contacts are made to the regions 16 

and 22 of the memory cells 1150, except for those cells 1150 at the edge of the 

parallel connections in mem01y array 1180. Thus, those cells 1150 not at the 

edge of the parallel connections are contactless memory cells. Of course, the 

number of contacts can be increased to reduce the resistance of the parallel 

connections if desired. 

[001053] Fig. 160A shows an equivalent circuit representation of mem01y cell 

1150, consisting of a n-p-n bipolar device 30 formed by buried well region 22, 
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floating body 24, and region 16, vvith a gate 60 coupled to the floating body 

region 24. 

[001054] A holding operation can be performed by utilizing the properties of then-

p-n bipolar devices 30 through the application of a positive back bias to the SL 

terminal 72 while grounding terminal 74. If floating body 24 is positively 

charged (i.e. in a state "l "), the bipolar transistor formed by BL region 16, 

floating body 24, and buried well region 22 vvill be turned on. 

[001055] A fraction of the bipolar transistor current vvill then flow into floating 

region 24 (usually referred to as the base current) and maintain the state "l" 

data. The efficiency of the holding operation can be enhanced by designing the 

bipolar device 30 formed by buried well layer 22, floating region 24, and region 

16 to be a low-gain, (i.e., as near to 1: 1 as practical) bipolar device, where the 

bipolar gain is defined as the ratio of the collector current flowing out of SL 

terminal 72 to the base current flowing into the floating region 24. 

[001056] For memory cells in state ''()" data, the bipolar device 30 vvill not be 

turned on, and consequently no base hole current vvill flow into floating region 

24. Therefore, memory cells in state ''()" vvill remain in state "O". 

[001057] An example of the bias conditions applied to cell 1150 to carry out a 

holding operation includes: zero voltage is applied to BL terminal 7 4, a positive 

voltage is applied to SL terminal 72, zero or negative voltage is applied to WL 

terminal 70, and zero voltage is applied to substrate terminal 78. In one 

particular non-limiting embodiment, about+ 1.2 volts is applied to terminal 72, 

about 0.0 volts is applied to terminal 7 4, about 0.0 volts is applied to terminal 

70, and about 0.0 volts is applied to terminal 78. However, these voltage levels 

may vary. 

[001058] Fig. 160B shows an energy band diagram of the intrinsic n-p-n bipolar 

device 30 of Fig. 160B when the floating body region 24 is positively charged 

and a positive bias voltage is applied to the buried well region 22. The dashed 

lines indicate the Fermi levels in the various regions of the n-p-n transistor 30. 

The Fermi level is located in the band gap between the solid line 17 indicating 

the top of the valance band (the bottom of the band gap) and the solid line 19 

indicating the bottom of the conduction band (the top of the band gap) as is well 

known in the art. The positive charge in the floating body region lowers the 
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energy bani.er of electron flow into the base region. Once injected into the 

floating body region 24, the electrons will be swept into the buried well region 

22 (connected to SL terminal 72) due to the positive bias applied to the buried 

well region 22. As a result of the positive bias, the electrons are accelerated and 

create additional hot cani.ers (hot hole and hot electron pairs) through an impact 

ionization mechanism. The resulting hot electrons flow into the SL terminal 72 

while the resulting hot holes will subsequently flow into the floating body region 

24. This process restores the charge on floating body 24 to its maximum level 

and will maintain the charge stored in the floating body region 24 which will 

keep the n-p-n bipolar transistor 30 on for as long as a positive bias is applied to 

the buried well region 22 through SL terminal 72. 

[001059] If floating body 24 is neutrally charged (i.e., the voltage on floating body 

24 being substantially equal to the voltage on grounded bit line region 16), a 

state corresponding to state "O", the bipolar device will not be turned on, and 

consequently no base hole current will flow into floating region 24. Therefore, 

memory cells in the state "O" will remain in the state ''O". 

[001060] Fig. 160C shows an energy band diagram of the intrinsic n-p-n bipolar 

device 30 of Fig. 160A when the floating body region 24 is neutrally charged 

and a bias voltage is applied to the buried well region 22. In this state the energy 

level of the band gap bounded by solid lines 17A and 19A is different in the 

various regions of n-p-n bipolar device 30. Because the potentials of the floating 

body region 24 and the bit line region 16 are substantially equal, the Fermi levels 

are constant, resulting in an energy bani.er between the bit line region 16 and the 

floating body region 24. Solid line 23 indicates, for reference purposes, the 

energy bani.er between the bit line region 16 and the floating body region 24. 

The energy bani.er prevents electron flow from the bit line region 16 (connected 

to BL terminal 7 4) to the floating body region 24. Thus the n-p-n bipolar device 

30 will remain off 

[001061] To perform the holding operation, a periodic pulse of positive voltage 

can be applied to the back bias terminals of mem01y cells 1150 through SL 

terminal 72 as opposed to applying a constant positive bias, thereby reducing the 

power consumption of the memory cells 1150. 
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[001062] Although for description purposes, the bipolar devices 30 in the 

embodiment of Figs. 160A through 160C have been described as n-p-n 

transistors, persons of ordinary skill in the art vvill readily appreciate that by 

reversing the first and second connectivity types and inverting the relative values 

of the applied voltages memory cell 1150 could comprise a bipolar device 30 

which is a p-n-p transistor. Thus the choice of an n-p-n transistor as an 

illustrative example for simplicity of explanation in Figs. 160A through 160C is 

not limiting in any way. 

[001063] A read operation is described with reference to Figs. 161-162, where 

memory cell 1150b is being selected (as shown in Fig. 161). The following bias 

conditions may be applied: a positive voltage is applied to BL terminal 74a, zero 

voltage is applied to SL terminal 72a, a positive voltage is applied to WL 

terminal 70b, and zero voltage is applied to substrate terminal 78. The 

unselected BL terminals (e.g. BL terminal 74b, 74c, ... , 74p in Fig. 161) remain 

at zero voltage, the unselected SL terminals (e.g. SL terminals 72b, 72c, ... , 72p 

in Fig. 161) remain at zero voltage, the unselected WL terminals (e.g. WL 

terminal 70a, 70m, 70n in Fig. 161) remain at zero voltage, and the unselected 

substrate terminal 78 remains at zero voltage. Alternatively, a positive voltage 

can be applied to the unselected BL terminals coJlllected to the buried layer 

region to maintain the states of the unselected memory cells. 

[001064] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected memory cell 1150b: a potential of about +0.4 volts is 

applied to BL terminal 7 4a, a potential of about 0.0 volts is applied to SL 

terminal 72a, a potential of about+ 1.2 volts is applied to WL terminal 70b, and 

about 0.0 volts is applied to substrate terminal 78; while the following bias 

conditions are applied to the unselected terminals: about 0.0 volts is applied to 

unselected BL terminals (or+ 1.2 volts can be applied to SL terminals connected 

to the buried layer region to maintain the states of the unselected memory cells), 

about 0.0 volts is applied to unselected WL terminals, and about 0.0 volts is 

applied to unselected substrate terminals. 

[001065] As shown in Fig. 162, about +1.2 volts will be applied to the gate 60b, 

about 0.4 volts will be applied to the region 16 (connected to BL terminal 74a), 

about 0.0 volts will be applied to buried layer region 22 (connected to SL 
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terminal 72a), about 0.0 volts vvill be applied to buried layer 22, and about 0.0 

vvill be applied to substrate 12 of selected memory cell 1150b. The current 

flovving from BL terminal 7 4a to SL terminal 72a vvill then be determined by the 

potential of the floating body region 24 of the selected cell 1150b. 

[001066] If cell 1150b is in a state "1" having holes in the :floating body region 24, 

then the memory cell vvill have a lower threshold voltage (gate voltage where the 

transistor is turned on), and consequently vvill conduct a larger current compared 

to if cell 1150b is in a state''()" having no holes in floating body region 24. The 

cell current can be sensed by, for example, a sense amplifier circuit connected to 

BL terminal 74a. 

[001067] Alternatively, the read operation can be performed by reversing the 

conditions applied to BL terminal 74 and SL terminal 72. 

[001068] A write''()" operation is described vvith reference to Figs. 163-164, where 

the follovving bias conditions are applied: zero voltage to the SL terminal 72a, 

zero voltage to the WL terminals 70, negative voltage to the BL terminal 7 4a, 

and the substrate terminal 78 is grounded. Under these conditions, the p-n 

junction between floating body 24 and region 16 of the memory cell 1150 is 

forward-biased, evacuating any holes from the floating body 24. All memory 

cells 1150 sharing the same BL terminal 7 4a vvill be written to state ''O". The 

unselected WL terminals, unselected BL terminals, unselected SL terminals, and 

unselected substrate terminals are grounded. 

[001069] In one particular non-limiting embodiment, about -1.2 volts is applied to 

terminal 74a, about 0.0 volts is applied to SL terminal 72a, about 0.0 volts is 

applied to terminal 70, and about 0.0 volts is applied to substrate terminal 78. 

The unselected BL terminals 74 (e.g. BL terminals 74b, 74c, ... , 740, and 74p) 

vvill remain at 0.0 volts, the unselected SL terminals 74 (e.g. SL terminals 72b, 

72c, ... , 720, and 72p) vvill remain at 0.0 volts, and the unselected substrate 

terminal 78 vvill remain at 0.0 volts. However, these voltage levels may vary, 

while maintaining the relative relationship between the charges applied, as 

described above. 

[001070] Alternatively the write ''()" operation can be achieved by reversing the 

bias condition applied to BL terminals 7 4 and SL terminals 72. 
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[001071] An alternative write "O" operation that allows for individual bit writing is 

shown in Figs. 165-166, and can be performed by applying a negative voltage to 

BL terminal 7 4a, zero voltage to SL terminal 72a, zero voltage to substrate 

terminal 78, and a positive voltage to WL terminal 70. Under these conditions, a 

positive voltage will be applied to the gate of the selected memory cell (e.g. 

memory cell 1150b in Figs. 165-166) and consequently the floating body 24 

potential will increase through capacitive coupling from the positive voltage 

applied to the WL terminal 70. As a result of the floating body 24 potential 

increase and the negative voltage applied to the BL terminal 7 4a, the p-n 

junction between 24 and region 16 is forward-biased, evacuating any holes from 

the floating body 24. To reduce undesired write ''()" disturb to other mem01y 

cells 1150 in the mem01y array 1180, the applied potential can be optimized as 

follows: ifthe floating body 24 potential of state "1" is referred to VFBl, then the 

voltage applied to the selected WL terminal 70 is configured to increase the 

floating body 24 potential by V FB 112 while -V FB 112 is applied to BL terminal 7 4a. 

[001072] In one particular non-limiting embodiment, the following bias conditions 

are applied to the memory cell 1150: a potential of about 0.0 volts to SL terminal 

72a, a potential of about -0.2 volts to BL terminal 7 4a, a potential of about +0.5 

volts is applied to selected WL terminal 70b, and about 0.0 volts is applied to 

substrate terminal 78; while about 0.0 volts is applied to unselected BL terminals 

74, about 0.0 volts is applied to unselected SL terminals, about 0.0 volts is 

applied to unselected WL terminal 70, and about 0.0 volts is applied to 

unselected terminal 78. Alternatively, a positive voltage, for example of+ 1.2 

volts, can be applied to unselected SL terminals 72 connected to the buried layer 

region 22 to maintain the states of the unselected memory cells. Figs. 165-166 

show the bias condition for the selected and unselected memory cells in mem01y 

array 1180 where memory cell 1150b is the selected cell. However, these 

voltage levels may vary. 

[001073] Alternatively, the write ''()" operation described above can be achieved 

by reversing the bias condition applied to BL terminals 7 4 and SL terminals 72. 

[001074] An example of the bias condition of the selected memory cell 1150b 

under band-to-band tunneling write "1" operation is illustrated in Figs. 167 and 

168. A negative bias is applied to the selected WL terminal 70b, zero voltage is 
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applied to the SL terminal 72a, and a positive bias applied to the BL terminal 

7 4a, while the substrate terminal 78 is grounded. Tiris condition results in 

electrons flow to the BL terminal 7 4a, generating holes which subsequently are 

injected to the floating body region 24. 

[001075] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected memory cell 1150b: a potential of about 0.0 volts is 

applied to SL terminal 72a, a potential of about + 1.2 volts is applied to BL 

terminal 7 4a, a potential of about -1.2 volts is applied to the selected WL 

terminal 70b, and about 0.0 volts is applied to substrate terminal 78; while the 

following bias conditions are applied to the unselected terminals: about 0.0 volts 

is applied to unselected BL terminals (e.g. BL terminals 74b, 74c, ... , 740, and 

74p in Fig. 167), about 0.0 volts is applied to unselected SL terminals (e.g. SL 

terminals 72b, 72c, ... , 720, and 72p in Fig. 167), a potential of about 0. 0 vol ts is 

applied to unselected WL terminal 70 (e.g. WL terminals 70a, 70m, and 70n in 

Fig. 167), and about 0.0 volts is applied to substrate terminal 78. A positive 

voltage of about+ 1.2 volts can alternatively be applied (either continuously, or 

intermittently in pulse fashion as described above, to reduce power 

consumption) to unselected SL terminals coJlllected to the buried layer region 22 

to maintain the states of the unselected memory cells). Figs. 167-168 show the 

bias conditions for the selected and unselected memory cells in memory array 

1180 where memory cell 1150b is the selected cell. However, these voltage 

levels may vazy. 

[001076] An example of the bias conditions on the selected memory cell 1150b 

under impact ionization write "1" operation is illustrated in Figs. 169-170. A 

positive bias is applied to the selected WL terminal 70b, zero voltage is applied 

to the SL terminal 72a, a positive bias is applied to the BL terminal 74a, and the 

substrate terminal 78 is grounded. These conditions result in a lateral electric 

field sufficient to generate energetic electrons, which subsequently generate 

electron-hole pairs, followed by hole injection to the floating body 24 of the 

selected memory cell (e.g. cell 1150b in Figs. 169-170). 

[001077] In one particular non-limiting embodiment, the following bias conditions 

are applied to the selected memory cell 1150b: a potential of about 0.0 volts is 

applied to SL terminal 72a, a potential of about + 1.2 volts is applied to BL 
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terminal 7 4a, a potential of about + 1.2 volts is applied to the selected WL 

terminal 70b, and about 0.0 volts is applied to substrate terminal 78; while the 

following bias conditions are applied to the unselected terminals: about 0.0 volts 

is applied to unselected BL terminals 74 (e.g. BL terminals 74b, 74c, ... , 740, 

and 74p in Fig. 169), about 0.0 volts is applied to unselected SL terminals 72 

(e.g. SL terminals 72b, 72c, ... , 720, and 72p in Fig. 169), a potential of about 

0.0 volts is applied to unselected WL terminals 70 (e.g. WL terminals 70a, 70m, 

and 70n in Fig. 169), and about 0.0 volts is applied to substrate terminal 78. A 

positive voltage of about + 1.2 volts can alternatively (either continuously, or 

intermittently in pulse fashion as described above, to reduce power 

consumption) be applied to unselected SL terminals 72 connected to the buried 

layer region 22 to maintain the states of the unselected memory cells). Figs. 

169-170 show the bias conditions on the selected and unselected mem01y cells in 

memory array 1180 (with mem01y cell 1150b as the selected cell). However, 

these voltage levels may vary. 

[001078] Alternatively, the write "1" operations under band-to-band tunneling and 

impact ionization mechanisms described above can be achieved by reversing the 

bias conditions applied to BL terminals 74 and SL terminals 72. 

[001079] The array 1180 may be constructed from a plurality of planar cells, such 

as the embodiments described above with reference to Figs. 158C and 158D, or, 

alternatively, may be constructed from fin-type, three-dimensional cells. Other 

variations, modifications and alternative cells may be provided without departing 

from the scope of the present invention and its functionality. 

[001080] From the foregoing it can be seen that with the present invention, a 

semiconductor memory with electrically floating body is achieved. The present 

invention also provides the capability of maintaining memory states or parallel 

non-algorithmic periodic refresh operations. As a result, memory operations can 

be performed in an uninterrupted manner. While the foregoing written 

description of the invention enables one of ordinary skill to make and use what is 

considered presently to be the best mode thereof, those of ordinary skill will 

understand and appreciate the existence of variations, combinations, and 

equivalents of the specific embodiment, method, and examples herein. The 

invention should therefore not be limited by the above described embodiments, 

229 

efiling
Rectangle



WO 2011/097592 PCT /US2011/02394 7 

Atty. Docket: ZEN0-012WO 

methods, and examples, but by all embodiments and methods vvithin the scope 

and spirit of the invention as claimed. \Vhile the present invention has been 

described vvith reference to the specific embodiments thereof, it should be 

understood by those skilled in the art that various changes may be made and 

equivalents may be substituted vvithout departing from the true spirit and scope 

of the invention. In addition, many modifications may be made to adapt a 

particular situation, material, composition of matter, process, process step or 

steps, to the objective, spirit and scope of the present invention. All such 

modifications are intended to be vvithin the scope of the claims appended hereto. 

[001081] The present invention provides a semiconductor mem01y having both 

volatile and non-volatile functionality, which combines the properties of Flash 

EPROM and DRAM. \Vhen power is applied, the non-volatile DRAM operates 

like a regular DRAM cell. As a result, its performance (speed, power, and 

reliability) is comparable to a regular DRAM cell. During power shutdown (or 

during backup operations that can be performed at regular intervals), the content 

of the volatile memories is loaded into the non-volatile memories (hereto 

referred as the shadowing process). After power is restored, the content of the 

non-volatile memories is restored to the volatile memories (hereto referred as the 

restore process). 

[001082] Fig. 171 is a flowchart 100 illustrating operation of a memory device 

according to an embodiment of the present invention. At event 102, when power 

is first applied to the memory device, the memory device is placed in an initial 

state, in a volatile operational mode and the nonvolatile memory is set to a 

predetermined state, typically set to have a positive charge. At event 104, while 

power is still on, the memory device of the present invention operates in the 

same manner as a conventional DRAM (dynamic random access memory) 

memory cell, i.e., operating as volatile memory. However, during power 

shutdown, or when power is inadvertently lost, or any other event that 

discontinues or upsets power to the memory device of the present invention, the 

content of the volatile memory is loaded into non-volatile memory at event 106, 

during a process which is referred to here as "shadovving" (event 106), and the 

data held in the volatile memory is lost. Shadowing can also be performed 

during backup operations (in which case, data held in volatile memory is not 
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lost), which may be performed at regular intervals during DRAM operation 104 

periods, and/or at any time that a user manually instructs a backup. During a 

backup operation, the content of the volatile memory is copied to the non­

volatile memory while power is maintained to the volatile memory so that the 

content of the volatile mem01y also remains in volatile memory. Alternatively, 

because the volatile memory operation consumes more power than the non­

volatile storage of the contents of the volatile memory, the device can be 

configured to perform the shadowing process anytime the device has been idle 

for at least a predetermined period of time, thereby transferring the contents of 

the volatile memory into non-volatile memory and conserving power. As one 

example, the predetermined time period can be about thirty minutes, but of 

course, the invention is not limited to this time period, as the device could be 

programmed with virtually any predetermined time period. 

[001083] After the content of the volatile memory has been moved during a 

shadowing operation to nonvolatile memory, the shutdown of the memory 

device occurs (when it is not a backup operation, as power is no longer supplied 

to the volatile memory. At this time, the memory device functions like a Flash 

EPROM (erasable, programmable read-only memory) device in that it retains the 

stored data in the nonvolatile memory. Upon restoring power at event 108, the 

content of the nonvolatile memory is restored by transferring the content of the 

non-volatile memory to the volatile memory in a process referred to herein as the 

''restore" process, after which, upon resetting the memory device at event 110, 

the memory device is again set to the initial state 102 and again operates in a 

volatile mode, like a DRAM memory device, event 104. 

[001084] In an alternative embodiment/use, a memory device of the present 

invention can restore the content of the non-volatile memory to the volatile 

memory upon power restoration and operate in a volatile mode, without first 

resetting the memory device. In this alternative embodiment, the volatile 

operation is performed independent of the non-volatile memory data. Fig. 172 

shows another operation flow chart 200 of the memory device according to an 

embodiment of the present invention. At event 202, while power is on, the 

memory device of the present invention operates in the same manner as a 

volatile memory cell. During power shutdown, or when power is inadvertently 
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lost, or any other event that discontinues or upsets power to the memory device 

of the present invention, the non-volatile memory is reset to a predetermined 

state at event 204. Tiris is then followed by the shadowing operation 206, where 

the content of the volatile memory is loaded into non-volatile memory. 

[001085] After the content of the volatile memory has been moved during a 

shadowing operation to nonvolatile memory, the shutdown of the memory 

device occurs (unless the shadowing process performed was a backup operation, 

as power is no longer supplied to the volatile mem01y. At this ti.me, the memory 

device functions like a Flash EPROM (erasable, programmable read-only 

memory) device in that it retains the stored data in the nonvolatile memory. 

[001086] Upon restoring power at event 208, the content of the nonvolatile 

memory is restored by transferring the content of the non-volatile memory to the 

volatile memory in a process referred to herein as the "restore" process, after 

which, the mem01y device again operates in a volatile mode, like a DRAM 

memory device, event 202. 

[001087] In an alternative embodiment/use, the non-volatile memory reset 

operation is not performed. Tiris is useful, for example, in the case where the 

non-volatile memory is used to store "permanent data", which is data that does 

not change in value during routine use. For example, the non-volatile storage 

bits can be used to store applications, programs, etc. and/or data that is not 

frequently modified, such as an operating system image, multi.media files, etc. 

[001088] Fig. 173A schematically illustrates an embodiment of a memory cell 

1250 according to the present invention. The cell 1250 includes a substrate 12 of 

a first conductivity type, such asap-type conductivity type, for example. 

Substrate 12 is typically made of silicon, but may comprise germanium, silicon 

germanium, gallium arsenide, or other semiconductor materials lmown in the art. 

The substrate 12 has a surface 14. A first region 16 having a second conductivity 

type, such as n-type, for example, is provided in substrate 12 and is exposed at 

surface 14. A second region 18 having the second conductivity type is also 

provided in substrate 12, which is exposed at surface 14 and which is spaced 

apart from the first region 16. First and second regions 16 and 18 are formed by 

an implantation process formed on the material making up substrate 12, 

according to any ofimplantati.on processes lmown and typically used in the art. 
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[001089] A buried layer 22 of the second conductivity type is also provided in the 

substrate 12, buried in the substrate 12, as shown. Region 22 is also formed by 

an ion implantation process on the material of substrate 12. A body region 24 of 

the substrate 12 is bounded by surface 14, first and second regions 16,18 and 

insulating layers 26 (e.g. shallow trench isolation (STI)), which may be made of 

silicon oxide, for example. Insulating layers 26 insulate cell 1250 from 

neighboring cells 1250 when multiple cells 1250 are joined to make a mem01y 

device. A trapping layer 60 is positioned in between the regions 16 and 18, and 

above the surface 14. Trapping layer 60 may be made of silicon nitride, silicon 

nanocrystal, or high-K dielectric materials or other dielectric materials. The 

trapping layer 60 functions to store non-volatile memory data. Trapping layer 

60 allows having multiple physically separated storage locations 62a,62b per 

cell, resulting in a multi-bit non-volatile functionality. This can be accomplished 

by applying a first charge via region 16 to store non-volatile data at storage 

location 62a and by applying a second charge via region 18 to store non-volatile 

data at storage location 62b, as described in detail below. 

[001090] A control gate 64 is positioned above trapping layer 60 such that trapping 

layer 60 is positioned between control gate 64 and surface 14, as shown. Control 

gate 64 is typically made of polysilicon material or metal gate electrode, such as 

tungsten, tantalum, titanium and their nitrides. 

[001091] Cell 1250 includes five terminals: word line (WL) terminal 70, source 

line (SL) terminal 72, bit line (BL) terminal 74, buried well (BW) terminal 76, 

and substrate terminal 78. Terminal 70 is connected to control gate 64. 

Terminal 72 is connected to first region 16 and terminal 74 is coJlllected to 

second region 18. Alternatively, terminal 72 can be connected to second region 

18 and terminal 74 can be connected to first region 16. Terminal 76 is connected 

to buried layer 22. Terminal 78 is connected to substrate 12. 

[001092] Fig. 173B shows an exemplary array 1280 of memory cells 1250 

arranged in rows and columns. Alternatively, a memory cell device according to 

the present invention may be provided in a single row or column of a plurality of 

cells 1250, but typically both a plurality of rows and a plurality of columns are 

provided. Present in Fig. 173B are word lines 70A through 70n, source lines 72a 

through 72n, bit lines 7 4a through 7 4 p, and substrate terminal 78. Each of the 
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word lines 70a through 70n is associated with a single row of memory cells 1250 

and is coupled to the gate 64 of each memory cell 1250 in that row. Similarly, 

each of the source lines 72a through 72n is associated with a single row of 

memory cells 1250 and is coupled to the region 16 of each memory cell 1250 in 

that row. Each of the bit lines 7 4a through 7 4p is associated with a single 

column of memory cells 1250 and is coupled to the region 18 of each memory 

cell 1250 in that column. Buried well terminal 76 and substrate terminal 78 are 

present at all locations under array 1280. Persons of ordinary skill in the art will 

appreciate that one or more substrate terminals 78 may be present in one or more 

locations as a matter of design choices. Such persons of ordinary skill in the art 

will also appreciate that that while exemplary array 1280 is shown as a single 

continuous array in Fig. 173B, that many other organizations and layouts may 

alternatively be created. For example, word lines may be segmented or buffered, 

bit lines may be segmented or buffered, source lines may be segmented or 

buffered, the array 1280 may be broken into two or more sub-arrays and/or 

control circuits such as word decoders, column decoders, segmentation devices, 

sense amplifiers, and/or write amplifiers may be arrayed around exemplary array 

1280 or insert4ed between sub-arrays of array 1280. Thus the exemplary 

embodiments, features, design options, etc. described herein are not limiting in 

anyway. 

[001093] Fig. 173C shows another example of array architecture 1280b of a 

memory cell device according to the present invention, wherein memory cells 

1250 are arranged in a plurality of rows and columns. Memory cells 1250 are 

connected such that within each row, all of the control gates 64 are connected in 

common word line terminals 70 (e.g., 70, 70b, ... , 70n). Within each column, all 

first and second regions 16, 18 of cells 1250 in that column are connected in 

common source and bit line terminals 72 (e.g., 72a, 72b, ... , 72h) and 74 (e.g., 

74a, 74b, ... , 74h), respectively. 

[001094] Fig. 174 illustrates alternative write state "1" operations that can be 

carried out on cell 1250, by performing band-to-band tunneling hot hole 

injection or impact ionization hot hole injection. To write state "1" using a 

band-to-band tunneling mechanism, the following voltages are applied to the 

terminals: a positive voltage is applied to BL terminal 7 4, a neutral voltage is 
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applied to the SL terminal 72, a negative voltage is applied to WL terminal 70, a 

positive voltage less than the positive voltage applied to the BL terminal 7 4 is 

applied to BW terminal 76, and a neutral voltage is applied to substrate terminal 

78. Under these conditions, holes are injected from BL terminal 74 into the 

floating body region 24, leaving the body region 24 positively charged. The 

positive voltage applied to BL terminal 7 4 creates a depletion region that shields 

the effects of any charges that are stored in storage location 62b. As a result, the 

write state "1" operation can be performed regardless of the charge stored in the 

storage location 62b. 

[001095] In one particular non-limiting embodiment, a potential of about +2.0 

volts is applied to terminal 7 4, a potential of about 0.0 volts is applied to 

terminal 72, a potential of about -1.2 volts is applied to terminal 70, a potential 

of about +0.6 volts is applied to terminal 76, and about 0.0 volts is applied to 

terminal 78. However, these voltage levels may vary, while maintaining the 

relative relationships between the charges applied, as described above. Further, 

the voltages applied to terminals 72 and 7 4 may be reversed, and still obtain the 

same result. However the depletion region would instead be formed near storage 

location 62a, rather than 62b. 

[001096] Alternatively, to write a state "1" using an impact ionization mechanism, 

the following voltages are applied: a positive voltage is applied to BL terminal 

7 4, a neutral voltage is applied to SL terminal 72, a positive voltage is applied to 

WL terminal 70 and a positive voltage is applied to BW terminal 76, while a 

neutral voltage is applied to the substrate terminal 78. Under these conditions, 

holes are injected from BL terminal 7 4 into the floating body region 24, leaving 

the body region 24 positively charged. The positive voltage applied to BL 

terminal 7 4 creates a depletion region that shields the effects of any charges that 

are stored in storage location 62b. 

[001097] In one particular non-limiting embodiment, a potential of about +2.0 

volts is applied to terminal 7 4, a potential of about 0.0 volts is applied to 

terminal 72, a potential of about+ 1.2 volts is applied to terminal 70, a potential 

of about +0.6 volts is applied to terminal 76, and about 0.0 volts is applied to 

terminal 78. However, these voltage levels may vary, while maintaining the 

relative relationships between the charges applied, as described above. Further, 
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the voltages applied to terminals 72 and 7 4 may be reversed, and still obtain the 

same result. However the depletion region would instead be formed near storage 

location 62a, rather than 62b. 

[001098] Alternatively, the silicon controlled rectifier (SCR) device of cell 1250 

can be put into a state "1" (i.e., by performing a write "1" operation) by applying 

the following bias: a neutral voltage is applied to BL terminal 7 4, a positive 

voltage is applied to WL terminal 70, and a positive voltage greater than the 

positive voltage applied to terminal 70 is applied to the substrate terminal 78, 

while SL terminal 72 and BW terminal 76 are left floating. The positive voltage 

applied to the WL terminal 70 will increase the potential of the floating body 24 

through capacitive coupling and create a feedback process that turns the S CR 

device on. Once the SCR device of cell 1250 is in conducting mode (i.e., has 

been "turned on") the SCR becomes ''latched on" and the voltage applied to WL 

terminal 70 can be removed without affecting the "on" state of the SCR device. 

In one particular non-limiting embodiment, a voltage of about 0.0 volts is 

applied to terminal 7 4, a voltage of about +0.5 volts is applied to terminal 70, 

and about +0.8 volts is applied to terminal 78. However, these voltage levels 

may vary, while maintaining the relative relationships between the voltages 

applied, as described above, e.g., the voltage applied to terminal 78 remains 

greater than the voltage applied to terminal 7 4. This write state "1" operation 

can be performed regardless of the charge stored in storage location 62a or 62b. 

[001099] Fig. 175 illustrates a write state ''()"operation that can be carried out on 

cell 1250. To write a state "O" into floating body region 24, a negative voltage is 

applied to SL terminal 72, a negative voltage less negative than the negative 

voltage applied to terminal 72 is applied to WL terminal 70, 0.0 volts is applied 

to BL terminal 74 and a positive voltage is applied to BW terminal 76, while 

neutral voltage is applied to substrate terminal 78. Under these conditions, the 

p-njunction Gunction between 24 and 16) is forward-biased, evacuating any 

holes from the floating body 24. In one particular non-limiting embodiment, 

about -2.0 volts is applied to terminal 72, about -1.2 volts is applied to terminal 

70, about +0.6 volts is applied to terminal 76, and about 0.0 volts is applied to 

terminals 72 and 78. However, these voltage levels may vary, while maintaining 

the relative relationships between the charges applied, as described above. 
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Further, the voltages applied to terminals 72 and 7 4 may be reversed, and still 

obtain the same result. As can be seen, the write state "O" operation can be 

performed regardless of the charge stored in storage location 62a or 62b. 

[001100] Alternatively, a write ''()"operation can be performed by putting the 

silicon controlled rectifier device into the blocking mode. This can be 

performed by applying the following bias: a positive voltage is applied to BL 

terminal 7 4, a positive voltage is applied to WL terminal 70, and a positive 

voltage greater than the positive voltage applied to terminal 7 4 is applied to the 

substrate terminal 78, while leaving SL terminal 72 and BW terminal 76 

floating. Under these conditions the voltage difference between anode and 

cathode, defined by the voltages at substrate terminal 78 and BL terminal 74, 

will become too small to maintain the SCR device in conducting mode. As a 

result, the SCR device of cell 1250 will be turned off. In one particular non­

limiting embodiment, a voltage of about +0.8 volts is applied to terminal 7 4, a 

voltage of about +0.5 volts is applied to terminal 70, and about +0.8 volts is 

applied to terminal 78. However, these voltage levels may vary, while 

maintaining the relative relationships between the charges applied, as described 

above. As can be seen, the write state ''()"operation can be performed regardless 

of the charged stored in storage location 62a or 62b. 

[001101] A read operation of the cell 1250 is now described with reference to Fig. 

17 6. To read cell 1250, a positive voltage is applied to BL terminal 7 4, a neutral 

voltage is applied to SL terminal 72, a positive voltage that is more positive than 

the positive voltage applied to terminal 7 4 is applied to WL terminal 70 and a 

positive voltage is applied to BW terminal 76, while substrate terminal 78 is 

grounded. If cell 1250 is in a state "1" having holes in the body region 24, then 

a lower threshold voltage (gate voltage where the transistor is turned on) is 

observed compared to the threshold voltage observed when cell 1250 is in a state 

"O" having no holes in body region 24. The positive voltage applied to BL 

terminal 7 4 forms a depletion region around junction 18 that shields the effects 

of any charges that are stored in storage location 62b. As a result, the volatile 

state read operation can be performed regardless of the charge stored in the non­

volatile storage (in this example, the charge stored in storage location 62b ). In 

one particular non-limiting embodiment, about +0.4 volts is applied to terminal 
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7 4, about +O.O volts is applied to terminal 72, about+ 1.2 volts is applied to 

terminal 70, about +0.6 volts is applied to terminal 76, and about 0.0 volts is 

applied to terminal 78. However, these voltage levels may vary, while 

maintaining the relative relationships between the charges applied, as described 

above. 

[001102] The read operation can also be performed when a positive voltage is 

applied to BL terminal 7 4, a neutral voltage is applied to SL terminal 72, a 

positive voltage that is less positive than the positive voltage applied to terminal 

7 4 is applied to WL terminal 70 and a positive voltage is applied to BW terminal 

7 6, while substrate terminal 78 is grounded. If cell 125 0 is in a state "l" having 

holes in the body region 24, then a parasitic bipolar transistor formed by the SL 

terminal 72, floating body 24, and BL terminal 7 4 will be turned on and a higher 

cell current is observed compared to when cell 1250 is in a state "O" having no 

holes in body region 24. The positive voltage applied to BL terminal 7 4 forms a 

depletion region around junction 18 that shields the effects of any charges that 

are stored in storage location 62b. As a result, the volatile state read operation 

can be performed regardless (i.e., independently) of the charge stored in the non­

volatile storage (in this example, the charge stored in storage location 62b ). In 

one particular non-limiting embodiment, about +3.0 volts is applied to terminal 

7 4, about 0.0 volts is applied to terminal 72, about +0.5 volts is applied to 

terminal 70, about +0.6 volts is applied to terminal 76, and about 0.0 volts is 

applied to terminal 78. However, these voltage levels may vary, while 

maintaining the relative relationships between the voltages applied, as described 

above. 

[001103] Alternatively, a positive voltage is applied to the substrate terminal 78, a 

substantially neutral voltage is applied to BL terminal 7 4, and a positive voltage 

is applied to WL terminal 70. Terminals 72 and 76 are left floating. Cell 1250 

provides a Pl-N2-P3-N4 silicon controlled rectifier device, with substrate 78 

functioning as the Pl region, buried layer 22 functioning as the N2 region, body 

region 24 functioning as the P3 region and region 16 or 18 functioning as the N 4 

region. The functioning of the silicon controller rectifier device is described in 

further detail in Application Serial No. 12/533,661 filed July 31, 2009 and titled 

"Methods of Operating Semiconductor Memory Device with Floating Body 
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Transistor Using Silicon Controlled Rectifier Principle". Application Serial No. 

12/5 3 3 ,661 is hereby incorporated herein, in its entirety, by reference thereto. In 

this example, the substrate terminal 78 functions as the anode and terminal 72 or 

terminal 7 4 functions as the cathode, while body region 24 functions as a p-base 

to tum on the SCR device. If cell 1250 is in a state "1" having holes in the body 

region 24, the silicon controlled rectifier (SCR) device formed by the substrate, 

buried well, floating body, and the BL junction will be turned on and a higher 

cell current is observed compared to when cell 1250 is in a state "O" having no 

holes in body region 24. A positive voltage is applied to WL terminal 70 to 

select a row in the memory cell array, while negative voltage is applied to WL 

terminal 70 for any unselected rows. The negative voltage applied reduces the 

potential of floating body 24 through capacitive coupling in the unselected rows 

and turns off the SCR device of each cell 1250 in each unselected row. Thus the 

read operation can be performed regardless of the charge stored in the non­

volatile storage. In one particular non-limiting embodiment, about +0.8 volts is 

applied to terminal 78, about +0.5 volts is applied to terminal 70 (for the selected 

row), and about 0.0 volts is applied to terminal 72, while terminals 74 and 76 are 

left floating. However, these voltage levels may vazy. 

[001104] A holding or standby operation is described with reference to Fig. 177. 

Such holding or standby operation is implemented to enhance the data retention 

characteristics of the memory cells 1250. The holding operation can be 

performed by applying the following bias: a substantially neutral voltage is 

applied to BL terminal 7 4, a neutral or negative voltage is applied to WL 

terminal 70, and a positive voltage is applied to the substrate terminal 78, while 

leaving SL terminal 72 and BW terminal 76 floating. Under these conditions, if 

memory cell 1250 is in memory/data state "1" with positive voltage in floating 

body 24, the SCR device of memory cell 1250 is turned on, thereby maintaining 

the state "1" data. Memory cells in state ''()"will remain in blocking mode, 

since the voltage in floating body 24 is not substantially positive and therefore 

floating body 24 does not tum on the SCR device. Accordingly, current does not 

flow through the SCR device and these cells maintain the state''()" data. In this 

way, an array of memory cells 1250 can be refreshed by periodically applying a 

positive voltage pulse through substrate terminal 78. Those memory cells 1250 
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that are commonly coJlllected to substrate terminal 78 and which have a positive 

voltage in body region 24 vvill be refreshed with a "1" data state, while those 

memory cells 1250 that are commonly coJlllected to the substrate terminal 78 

and which do not have a positive voltage in body region 24 will remain in 

blocking mode, since their S CR device vvill not be turned on, and therefore 

memory state''()" vvill be maintained in those cells. In this way, all memory 

cells 1250 commonly coJlllected to the substrate terminal vvill be 

maintained/refreshed to accurately hold their data states. Tiris process occurs 

automatically, upon application of voltage to the substrate terminal 78, in a 

parallel, non-algorithmic, efficient process. In addition, it can be seen that the 

holding operation can be performed regardless of the charge stored in the non­

volatile storage. In one particular non-limiting embodiment, a voltage of about 

0.0 volts is applied to terminal 7 4, a voltage of about -1.0 volts is applied to 

terminal 70, and about +0.8 volts is applied to terminal 78. However, these 

voltage levels may vazy, while maintaining the relative relationships 

therebetween. Alternatively, the voltage described above as being applied to 

terminal 7 4 may be applied to terminal 72 and terminal 7 4 may be left floating. 

[001105] Alternatively, the holding operation can be performed by applying the 

following bias: substantially neutral voltage is applied to the BL terminal 7 4, a 

positive voltage is applied to SL terminal 72, a positive voltage is applied to BW 

terminal 7 6, and zero or negative voltage is applied to WL terminal 7 0. The 

substrate terminal 78 can be left floating or grounded. Under these conditions, 

the parasitic bipolar device formed by region 16, the floating body region 24, 

and region 18 will be turned on. If the floating body 24 is in state "1' having 

positive charge in the body region 24, the positive voltage applied to the SL 

terminal 72 vvill result in impact ionization, which will generate electron-hole 

pairs. The holes will then diffuse into floating body 24, hence replenishing the 

positive charge in body region 24 and maintain the "1" data state. If the floating 

body 24 is in state "O", the bipolar device formed by region 16, the floating body 

region 24, and region 18 vvill not be turned on and therefore state ''()"will be 

maintained in those cells. In this way, all memory cells 1250 commonly 

coJlllected to the substrate terminal vvill be maintained/refreshed to accurately 

hold their data states. Tiris mechanism is governed by the potential or charge 
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stored in the floating body region 24 and is independent of the potential applied 

to the WL terminal 70. Tiris process occurs automatically, upon application of 

voltage to the SL terminal 72, in a parallel, non-algorithmic, efficient process. 

As can be seen, the holding operation can be performed regardless of the charge 

stored in the non-volatile storage. In one particular non-limiting embodiment, a 

voltage of about 0.0 volts is applied to terminal 7 4, a voltage of about -1.0 volts 

is applied to terminal 70, about +0.8 volts is applied to terminal 72, and about 

+0.6 is applied to terminal 76. However, these voltage levels may vary, while 

maintaining the relative relationships therebetween. Alternatively, the voltage 

described above as being applied to terminal 72 may be applied to terminal 7 4 

and terminal 72 is grounded. 

[001106] Alternatively, the holding operation can be performed by applying the 

following bias: zero or negative voltage is applied to WL terminal 70, 

substantially neutral voltage is applied to both BL terminal 7 4 and SL terminal 

72, and a positive voltage is applied to BW terminal 76. The substrate terminal 

78 can be left floating or grounded. Under these conditions, the parasitic bipolar 

device formed by region 16 or 18, the floating body region 24 and buried layer 

22 will be turned on. If the floating body 24 is in state "1' having positive 

charge in the body region 24, the positive voltage applied to BW terminal 76 

will result in impact ionization, which will generate electron-hole pairs. The 

holes will then diffuse into floating body 24, hence replenishing the positive 

charge in body region 24 and maintaining the "1" data state. If the floating body 

24 is in state "O", the bipolar device formed by region 16 or 18, the floating body 

region 24 and buried layer 22 will not be turned on and therefore state ''()"will 

be maintained in those cells. In this way, all memory cells 1250 commonly 

connected to the substrate terminal will be maintained/refreshed to accurately 

hold their data states. Tiris mechanism is governed by the potential or charge 

stored in the floating body region 24 and is independent of the potential applied 

to the WL terminal 70. Tiris process occurs automatically, upon application of 

voltage to the BW terminal 7 6, in a parallel, non-algorithmic, efficient process. 

As can be seen, the holding operation can be performed regardless of the charge 

stored in the non-volatile storage. In one particular non-limiting embodiment, a 

voltage of about 0.0 volts is applied to terminals 72 and 7 4, a voltage of about -
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1.0 volts is applied to terminal 70, about+ 1.2 volts is applied to terminal 76, and 

about 0.0 volts is applied to terminal 78. However, these voltage levels may 

vazy, while maintaining the relative relationships therebetween. 

[001107] \Vhen power down is detected, e.g., when a user turns off the power to 

cell 1250, or the power is inadvertently interrupted, or for any other reason, 

power is at least temporarily discontinued to cell 1250, or due to any specific 

commands by the user such as during backup operation, data stored in the 

floating body region 24 is transferred to trapping layer 60 through hot electron 

injection. This operation is referred to as "shadowing" and is described with 

reference to Figs. l 78A-l 78B. The shadowing process can be performed to 

store data in the floating body region 24 to either storage location 62a or 62b. 

To perform a shadowing process to the storage location 62a, a high positive 

voltage is applied to SL terminal 72 and a neutral or positive voltage less 

positive than that applied to terminal 72 is applied to BL terminal 7 4. A positive 

voltage is applied to terminal 70 and a positive voltage is applied to terminal 76. 

A high voltage in this case is a voltage greater than or equal to about + 3 volts. 

In one example, a voltage in the range of about +3 to about +6 volts is applied, 

although it is possible to apply a higher voltage. \Vhen floating body 24 has a 

positive charge/voltage, the NPN bipolar junction formed by source drain 

regions 16 and 18 and the floating body 24 is on and electrons flow through the 

memory transistor. The application of the high voltage to terminal 72 

energizes/accelerates electrons traveling through the floating body 24 to a 

sufficient extent that they can ')ump into" the storage location in the trapping 

layer 62a near the SL terminal 72, as indicated by the arrow into storage location 

62a in Fig. l 78A. Accordingly, the storage location 62a in the trapping layer 60 

becomes negatively charged by the shadowing process, when the volatile 

memory of cell 1250 is in state "l" (i.e., floating body 24 is positively charged), 

as shown in Fig. l 78A. 

[001108] \Vhen volatile memory of cell 1250 is in state "O", i.e., floating body 24 

has a negative or neutral charge/voltage, the NPN junction is off and electrons 

do not flow in the floating body 24, as illustrated in Fig. l 78B. Accordingly, 

when voltages are applied to the terminals as described above, in order to 

perform the shadowing process, the high positive voltage applied to terminal 72 
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does not cause an acceleration of electrons in order to cause hot electron 

injection into trapping layer 60, since electrons are not flmving. Accordingly, no 

charge injection occurs to the trapping layer 60 and it retains its charge at the 

end of the shadmving process, when the volatile memory of cell 1250 is in state 

"O" (i.e., floating body 24 is neutral or negatively charged), as shown in Fig. 

178B. As will be described in the description of reset operation, the storage 

locations 62 in trapping layer 60 are initialized or reset to have a positive charge 

during the reset operation. As a result, ifthe volatile memory of cell 1250 is in 

state "O", the storage location 62a will have a positive charge at the end of the 

shadowing process. 

[001109] Note that the charge state of the storage location 62a terminal is 

complementary to the charge state of the floating body 24 after completion of 

the shadowing process. Thus, ifthe floating body 24 of the memory cell 1250 

has a positive charge in volatile memory, the trapping layer 60 will become 

negatively charged by the shadowing process, whereas ifthe floating body of the 

memory cell 1250 has a negative or neutral charge in volatile memory, the 

storage location 62a will be positively charged at the end of the shadowing 

operation. The charges/states of the storage location 62a near SL terminal 72 are 

determined non-algorithmically by the states of the floating bodies, and 

shadowing of multiple cells occurs in parallel, therefore the shadowing process 

is very fast. 

[001110] In one particular non-limiting example of the shadowing process 

according to this embodiment, about +6 volts are applied to terminal 72, about 

0.0 volts are applied to terminal 7 4, about+ 1.2 volts are applied to terminal 70, 

and about +0.6 volts are applied to terminal 76. However, these voltage levels 

may vary, while maintaining the relative relationships between the charges 

applied, as described above. 

[001111] A shadowing operation to storage location 62b near BL terminal 74 can 

be performed in a similar manner by reversing the voltages applied to terminals 

72 and 74. 

[001112] In another embodiment of the shadowing operation, the following bias 

conditions are applied. To perform a shadowing process to the storage location 

62a, a high positive voltage is applied to SL terminal 72, a positive voltage is 
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applied to WL terminal 70 and a neutral voltage or a positive voltage less 

positive than positive voltage applied to SL terminal 72 is applied to BW 

terminal 76, while the BL terminal 74 is left :floating. Under this bias condition, 

when floating body 24 has a positive charge/voltage, the NPN bipolar junction 

formed by region 16, the floating body 24, and the buried well region 22 is on 

and electrons flow through the memory transistor. The application of the high 

voltage to terminal 72 energizes/accelerates electrons traveling through the 

floating body 24 to a sufficient extent that they can 'jump into" the storage 

location in the trapping layer 62a near the SL terminal 72. Accordingly, the 

storage location 62a in the trapping layer 60 becomes negatively charged by the 

shadowing process, when the volatile mem01y of cell 1250 is in state "1" (i.e., 

floating body 24 is positively charged). 

[001113] When volatile memory of cell 1250 is in state "O", i.e., floating body 24 

has a negative or neutral charge/voltage, the NPN junction is off and electrons 

do not flow in the floating body 24. Accordingly, when voltages are applied to 

the terminals as described above, electrons are not flowing and consequently no 

hot electron injection into the trapping layer 60 occurs. The storage location 62a 

in trapping layer 60 will retain its charge at the end of the shadowing process 

when the volatile memory of cell 1250 is in state ''O". As will be described in 

the description of reset operation, the storage locations 62 in trapping layer 60 

are initialized or reset to have a positive charge during the reset operation. As a 

result, if the volatile memory of cell 1250 is in state "O", the storage location 62a 

will have a positive charge at the end of the shadowing process. 

[001114] A shadowing operation to storage location 62b near BL terminal 74 can 

be performed in a similar manner by reversing the voltages applied to terminals 

72 and 74. 

[001115] When power is restored to cell 1250, the state of the cell 1250 as stored 

on trapping layer 60 is restored into floating body region 24. The restore 

operation (data restoration from non-volatile memory to volatile mem01y) is 

described with reference to Figs. 179A andl 7 9B. Prior to the performing the 

restore operation/process, the floating body 24 is set to a neutral or negative 

charge, i.e., a''()" state is written to floating body 24. 
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[001116] In the embodiment of Figs. l 79A-l 79B, to perform the restore operation 

of non-volatile data stored in storage location 62a, terminal 72 is set to a 

substantially neutral voltage, a positive voltage is applied to terminal 74, a 

negative voltage is applied to terminal 70 and a positive voltage is applied to 

terminal 76, while the substrate terminal 78 is grounded. The positive voltage 

applied to terminal 7 4 will create a depletion region, shielding the effects of 

charge stored in storage location 62b. If the storage location 62a is negatively 

charged, as illustrated in Fig. l 79A, this negative charge enhances the driving 

force for the band-to-band hot hole injection process, whereby holes are injected 

from then-region 18 into :floating body 24, thereby restoring the "l" state that 

the volatile mem01y cell 1250 had held prior to the performance of the 

shadowing operation. If the trapping layer 62a is not negatively charged, such as 

when the trapping layer 62a is positively charged as shown in Fig. l 79B or is 

neutral, the hot band-to-band hole injection process will not occur, as illustrated 

in Fig. l 79B, resulting in memory cell 1250 having a''()" state, just as it did 

prior to performance of the shadowing process. Accordingly, if storage location 

62a has a positive charge after shadowing is performed, the volatile memory of 

:floating body 24 will be restored to have a negative charge ("O" state), but ifthe 

trapping layer 62a has a negative or neutral charge, the volatile mem01y of 

:floating body 24 will be restored to have a positive charge ("1" state). 

[001117] A restore operation of non-volatile data stored in storage location 62b 

can be performed in a similar manner to that described above with regard to 

storage location 62a, by reversing the voltages applied to terminals 72 and 7 4, 

and by applying all other conditions the same. 

[001118] After the restore operation is completed, the state of the trapping layers 

60 can be reset to an initial state. The reset operation of non-volatile storage 

location 62a is described with reference to Figure 180. A high negative voltage 

is applied to terminal 70, a neutral or positive voltage is applied to terminal 72, a 

positive voltage is applied to terminal 76, and zero voltage is applied to substrate 

terminal 78, while terminal 7 4 is left :floating. Under these conditions, electrons 

will tunnel from storage location 62a to the n +junction region 16. As a result, 

the storage location 62a will be positively charged. 
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[001119] In one particular non-limiting example of the reset process according to 

this embodiment, about-18 volts are applied to terminal 70, about 0.0 volts are 

applied to terminal 72, about +0.6 volts are applied to terminal 76, and about 0.0 

volts are applied to terminal 78, while terminal 7 4 is left floating. However, 

these voltage levels may vary, while maintaining the relative relationships 

behveen the charges applied, as described above. 

[001120] A reset operation on non-volatile storage location 62b can be performed 

in a similar manner to that described above with regard to storage location 62a, 

by reversing the voltages applied to terminals 72 and 74, and by applying all 

other conditions the same. 

[001121] A reset operation can be performed simultaneously on both storage 

locations 62a and 62b by applying a high negative voltage to terminal 70, a 

neutral or positive voltage to terminals 72 and 7 4, and a positive voltage to 

terminal 76, while grounding terminal 78. 

[001122] In one particular non-limiting example of the reset process according to 

this embodiment, about-18 volts are applied to terminal 70, about 0.0 volts are 

applied to terminals 72, 7 4 and 78, and about +0.6 volts are applied to terminal 

76. However, these voltage levels may vary, while maintaining the relative 

relationships behveen the charges applied, as described above. 

[001123] In another embodiment of the mem01y cell operation, the trapping charge 

is reset/reinitialized to a negative initial state. To reset the storage location 62a, 

the following bias conditions are applied: a high positive voltage is applied to 

WL terminal 70, a neutral voltage is applied to terminal 72, a positive voltage is 

applied BW terminal 7 6, and zero voltage is applied to terminal 78, while 

terminal 7 4 is left floating. Under these conditions, electrons will tunnel from 

then+ junction region 16 to storage location 62a. As a result, the storage 

location 62a will be negatively charged. 

[001124] In one particular non-limiting example of the reset process according to 

this embodiment, about+ 18 volts are applied to terminal 70, about 0.0 volts are 

applied to terminals 72 and 78, about +0.6 volts are applied to terminal 76, while 

terminal 7 4 is left floating. However, these voltage levels may vary, while 

maintaining the relative relationships behveen the charges applied, as described 

above. 
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[001125] A reset operation on non-volatile storage location 62b can be performed 

in a similar manner to that described above vvith regard to storage location 62a, 

by reversing the voltages applied to terminals 72 and 74, and by applying all 

other conditions the same. 

[001126] A reset operation can be performed simultaneously on both storage 

locations 62a and 62b by applying a high positive voltage to terminal 70, a 

neutral or positive voltage to terminals 72 and 7 4, a positive voltage to BW 

terminal 7 6, and zero voltage to terminal 78. 

[001127] In one particular non-limiting example of the reset process according to 

this embodiment, about+ 18 volts are applied to terminal 70, about 0.0 volts are 

applied to terminals 72, 7 4 and 78, and about +0.6 volts are applied to terminal 

76. However, these voltage levels may vary, while maintaining the relative 

relationships between the charges applied, as described above. 

[001128] In another embodiment of the shadowing operation according to the 

present invention, the following bias conditions are applied. To perform a 

shadovving process to the storage location 62a, a high positive voltage is applied 

to SL terminal 72, a neutral or positive voltage is applied to BL terminal 7 4, a 

negative voltage is applied to WL terminal 70, a neutral voltage is applied to 

BW terminal 76, and a neutral voltage is applied to substrate terminal 78. Under 

these bias conditions, when floating body 24 has a positive charge/voltage, the 

NPN bipolar junction formed by regions 16 and 18 and the :floating body 24 is 

on and electrons flow through the memory transistor. The application of the 

high voltage to terminal 72 energizes/accelerates electrons traveling through the 

floating body 24, creating electron-hole pairs through impact ionization. The 

negative voltage applied to the WL terminal 70 creates an attractive electric field 

for hot holes injection to the storage location 62a near the SL terminal 72. 

Accordingly, the storage location 62a in the trapping layer 60 becomes 

positively charged by the shadowing process, when the volatile mem01y of cell 

1250 is in state "1" (i.e., floating body 24 is positively charged). 

[001129] When volatile memory of cell 1250 is in state "O", i.e., floating body 24 

has a negative or neutral charge/voltage, the NPN junction is off and electrons 

do not flow in the floating body 24. Accordingly, when voltages are applied to 

the terminals as described above, electrons are not flowing and consequently no 
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hot holes injection into the trapping layer 60 occurs. The storage location 62a in 

trapping layer 60 vvill retain the negative charge at the end of the shadmving 

process when the volatile memory of cell 1250 is in state "O". 

[001130] Accordingly, if floating body 24 has a positive charge, the storage 

location 62a vvill have a positive charge after the shadowing operation is 

performed. Conversely, if floating body 24 has a negative charge, the storage 

location 62a vvill have a negative charge after the shadowing operation is 

performed. 

[001131] A shadowing operation to storage location 62b near BL terminal 7 4 can 

be performed in a similar manner to that described above with regard to storage 

location 62a, by reversing the voltages applied to terminals 72 and 74, and by 

applying all other conditions the same. 

[001132] In another embodiment of the shadowing operation, the following bias 

conditions are applied. To perform a reset process to the storage location 62a, a 

high positive voltage is applied to SL terminal 72, a negative voltage is applied 

to WL terminal 70 and zero voltage is applied to BW terminal 76, while the BL 

terminal 7 4 is left floating and the substrate terminal 78 is grounded. Under 

these bias conditions, when floating body 24 has a positive charge/voltage, the 

NPN bipolar junction formed by region 16, the floating body 24, and the buried 

well region 22 is on and electrons flow through the memory transistor. The 

application of the high voltage to terminal 72 energizes/accelerates electrons 

traveling through the floating body 24, creating electron-hole pairs through 

impact ionization. The negative voltage applied to the WL terminal 70 creates 

an attractive electric field for hot holes injection to the storage location 62a near 

the SL terminal 72. Accordingly, the storage location 62a in the trapping layer 

60 becomes positively charged by the shadowing process, when the volatile 

memory of cell 1250 is in state "1" (i.e., floating body 24 is positively charged). 

[001133] When volatile memory of cell 1250 is in state "O", i.e., floating body 24 

has a negative or neutral charge/voltage, the NPN junction is off and electrons 

do not flow in the floating body 24. Accordingly, when voltages are applied to 

the terminals as described above, electrons are not flowing and consequently no 

hot holes injection into the trapping layer 60 occurs. The storage location 62a in 
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trapping layer 60 vvill retain the negative charge at the end of the shadmving 

process when the volatile memory of cell 1250 is in state "O". 

[001134] Accordingly, if floating body 24 has a positive charge, the storage 

location 62a vvill have a positive charge after the shadowing operation is 

performed. Conversely, if floating body 24 has a negative charge, the storage 

location 62a vvill have a negative charge. 

[001135] A shadowing operation to storage location 62b near BL terminal 7 4 can 

be performed in a similar manner to that described above with regard to storage 

location 62a, by reversing the voltages applied to terminals 72 and 74, and by 

applying all other conditions the same. 

[001136] In another embodiment of the restore operation, terminal 72 is set to a 

substantially neutral voltage, a positive voltage is applied to terminal 74, a 

positive voltage less positive than positive voltage applied to terminal 7 4 is 

applied to terminal 70, a positive voltage is applied to terminal 76 and zero 

voltage is applied to terminal 78. The positive voltage applied to terminal 7 4 

will create a depletion region, shielding the effects of charge stored in storage 

location 62b. If the storage location 62a is positively charged, this positive 

charge enhances the driving force for the impact ionization process to create hot 

hole injection from then-region 18 into floating body 24, thereby restoring the 

"1" state that the volatile memory cell 1250 had held prior to the performance of 

the shadowing operation. If the trapping layer 62a is not positively charged, no 

impact ionization process will occur, resulting in memory cell 1250 having a "O" 

state, just as it did prior to performance of the shadowing process. Accordingly, 

if storage location 62a has a positive charge after shadowing is performed, the 

volatile memory of floating body 24 will be restored to have a positive charge 

("1" state), but if the trapping layer 62a has a negative charge, the volatile 

memory of floating body 24 will be restored to have a neutral charge ("O" state). 

[001137] A restore operation of non-volatile data stored in storage location 62b 

can be performed in a similar manner to that described above with regard to 

storage location 62a, by reversing the voltages applied to terminals 72 and 7 4, 

and by applying all other conditions the same. 

[001138] Fig. 181A schematically illustrates another embodiment of a memory cell 

125 OS according to the present invention. The cell 1250S includes a substrate 
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112 of a first conductivity type, such as a p-type conductivity type, for example. 

Substrate 112 is typically made of silicon, but may comprise germanium, silicon 

germanium, gallium arsenide, or other semiconductor materials lmmvn in the art. 

The substrate 112 has a surface 114. A first region 116 having a second 

conductivity type, such as n-type, for example, is provided in substrate 112 and 

is exposed at surface 114. A second region 118 having the second conductivity 

type is also provided in substrate 112, which is exposed at surface 114 and 

which is spaced apart from the first region 116. First and second regions 116 

and 118 are formed by an implantation process formed on the material making 

up substrate 112, according to any of implantation processes lmown and 

typically used in the art. 

[001139] A buried insulator layer 122, such as buried oxide (BOX) is also 

provided in the substrate 112, buried in the substrate 112, as shown. A body 

region 124 of the substrate 112 is bounded by surface 114, first and second 

regions 116, 118, and the buried insulator layer 122. A trapping layer 160 is 

positioned in between the regions 116 and 118, and above the surface 114. 

Trapping layer 160 may be made of silicon nitride, silicon nanocrystal, or high­

K dielectric materials or other dielectric materials. The trapping layer 160 

functions to store non-volatile memory data. Trapping layer 160 allows having 

two physically separated storage locations l 62a, l 62b per cell, resulting in a 

multi-bit non-volatile functionality. 

[001140] A control gate 164 is positioned above trapping layer 160 such that 

trapping layer 160 is positioned between control gate 164 and surface 114, as 

shown. Control gate 164 is typically made of polysilicon material or metal gate 

electrode, such as tungsten, tantalum, titanium and their nitrides. 

[001141] Cell 1250S includes four terminals: word line (WL) terminal 170, bit 

line (BL) terminals 172 and 17 4, and substrate terminal 178. Terminal 170 is 

connected to control gate 164. Terminal 172 is connected to first region 116 and 

terminal 174 is connected to second region 118. Alternatively, terminal 172 can 

be coilllected to second region 118 and terminal 17 4 can be coilllected to first 

region 116. 

[001142] Fig. 181B shows an example of an array architecture 1280S of a memory 

cell device according to an embodiment of the present invention, wherein 
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memory cells 1250S are arranged in a plurality of rows and columns. 

Alternatively, a memory cell device according to the present invention may be 

provided in a single row or column of a plurality of cells l 250S, but typically, 

both a plurality of rows and a plurality of columns are provided. Memory cells 

1250S are connected such that within each row, all of the control gates 164 are 

connected in a common word line terminal 170 (e.g., l 70a, l 70b, ... , l 70n, 

depending upon which row is being referred to). Within each column, all first 

and second regions 116, 118 of cells 1250S in that column are connected in 

common bit line terminals 172 (e.g., l 72a, 172b, ... , 172e) and 174 (e.g., l 74a, 

17 4b, etc.). 

[001143] Because each cell 1250S is provided with a buried insulator layer 122 

that, together with regions 116 and 118, bound the lower and side boundaries of 

floating body 124, insulating layers 26 are not required to bound the sides of the 

floating body 24, in contrast to that of the embodiment of Fig. l 73A. Because 

insulating layers 26 are not required by cells 1250S, less terminals are required 

for operation of the memory cells 1250S in an array of such cells 1250S 

assembled into a memory cell device. Because the adjacent cells 1250S are not 

isolated by insulating layer 26, adjacent regions 116, 118 are also not isolated by 

insulating layer 26. Accordingly a single terminal 172 or 17 4 can be used to 

function as terminal 17 4 for region 118 of one of a pair of adjacent cells l 250S, 

and, by reversing the polarity thereof, can also be used to function as terminal 

172 for regions 116 of the other of the pair of adjacent cells 1250S, wherein 

region 118 of the first cell 1250S of the pair contacts region 116 of the second 

cell 1250S of the pair. For example, in Fig. 181B, terminal l 74a can be operated 

to function as terminal 17 4 for region 118 of cell l 250Sa with voltage applied 

according to a first polarity. By reversing the polarity of the voltage applied to 

terminal 174a, terminal 174a can be operated to function as terminal 1 72 for 

region 116 of cell 1250Sb. By reducing the number of terminals required in a 

memory cell device, as allowed by this described arrangement, a memory device 

according to this embodiment of the present invention can be manufactured to 

have a smaller volume, relative to a mem01y cell device of the same capacity 

that requires a pair of terminals 172, 17 4 for each cell that is separate and 

distinct from the terminals 172, 17 4 of adjacent cells in the row. 
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[001144] Figs. 182-184 show another embodiment of mem01y cell 1250V 

according to the present invention. In this embodiment, cell l 250V has a fin 

structure 252 fabricated on substrate 212, so as to extend from the surface of the 

substrate to form a three-dimensional structure, with fin 252 extending 

substantially perpendicularly to, and above the top surface of the substrate 212. 

Fin structure 252 is conductive and is built on buried well layer 222. Region 222 

is also formed by an ion implantation process on the material of substrate 212. 

Buried well layer 222 insulates the floating substrate region 224, which has a 

first conductivity type, from the bulk substrate 212. Fin structure 252 includes 

first and second regions 216, 218 having a second conductivity type. Thus, the 

floating body region 224 is bounded by the top surface of the fin 252, the first 

and second regions 216, 218 the buried well layer 222, and insulating layers 226 

(see insulating layers 226 in Fig. 184). Insulating layers 226 insulate cell 1250V 

from neighboring cells 1250V when multiple cells 50 are joined to make a 

memory device. Fin 252 is typically made of silicon, but may comprise 

germanium, silicon germanium, gallium arsenide, carbon nanotubes, or other 

semiconductor materials lmown in the art. 

[001145] Device 1250V further includes gates 264 on two opposite sides of the 

floating substrate region 224 as shown in Fig. 182. Alternatively, gates 264 can 

enclose three sides of the :floating substrate region 224 as shown in Fig. 183. 

Gates 264 are insulated from :floating body 224 by trapping layer 260. Gates 

264 are positioned between the first and second regions 16, 18, adjacent to the 

floating body 24. 

[001146] Device 1250V includes several terminals: word line (WL) terminal 70, 

source line (SL) terminal 72, bit line (BL) terminal 74, buried well (HW) 

terminal 76 and substrate terminal 78. Terminal 70 is connected to the gate 264. 

Terminal 72 is connected to first region 216 and terminal 74 is connected to 

second region 218. Al ternati vel y, terminal 72 can be connected to second region 

218 and terminal 7 4 can be coJlllected to first region 216. Terminal 7 6 is 

connected to buried layer 222 and terminal 78 is coJlllected to substrate 212. 

Fig. 184 illustrates the top view of the mem01y cell 1250V shown in Fig. 182. 

[001147] Up until this point, the descriptions of cells 1250, 1250S, 1250V have 

been in regard to binary cells in which the data memories, both volatile (e.g., 24, 
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124, 224) and non-volatile (e.g., 62a, 62b, 162a, 162b, 262a and 262b are binary, 

meaning that each memory storage location either stores a state "l" or a state 

"O". In alternative embodiments, any of the memory cells 1250, 1250S, 1250V 

can be configured to function as multi-level cells, so that more than one bit of 

data can be stored in one storage location of a cell. Thus, for example, one or 

more of volatile memory 24, 124, 224; non-volatile memory 62a, 162a, 262a; 

and/or non-volatile memory 62b, 162b, 262b can be configured to store multiple 

bits of data. 

[001148] Fig. 185A illustrates the states of a binary memory storage, relative to 

threshold voltage, wherein a threshold voltage less than or equal to a 

predetermined voltage (in one example, the predetermined voltage is 0 volts, but 

the predetermined voltage may be a higher or lower voltage) in memory cell 

1250, 1250S, 1250V is interpreted as state "l ", and a voltage greater than the 

predetermined voltage in memory cell 1250, 1250S or 1250V is interpreted as 

state "O". 

[001149] Fig. 185B illustrates an example of voltage states of a multi-level storage 

wherein hvo bits of data can be stored in any or each of storage locations 24, 

124, 224, 62a, 62b, 162a, 162b, 262a, 262b. In this case, a threshold voltage less 

than or equal to a first predetermined voltage (e.g., 0 volts or some other 

predetermined voltage) and greater than a second predetermined voltage that is 

less than the first predetermined voltage (e.g., about -0.5 volts or some other 

voltage less than the first predetermined voltage) in memory cell 1250, 1250S, 

1250V is interpreted as state "10", a voltage less than or equal to the second 

predetermined voltage is interpreted as state "11 ", a voltage greater than the first 

predetermined voltage and less than or equal to a third predetermined voltage 

that is greater than the first predetermined voltage (e.g., about +0.5 volts or some 

other predetermined voltage that is greater than the first predetermined voltage) 

is interpreted to be state ''01" and a voltage greater than the third predetermined 

voltage is interpreted as state "00". Further details about multi-level operation 

can be found in co-pending, commonly owned Application Serial No. 

11/996,311 filed November 29, 2007. Application Serial No. 11/996,311 is 

hereby incorporated herein, in its entirety, by reference thereto. 

[001150] \Vhile the present invention has been described with reference to the 
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specific embodiments thereof, it should be understood by those skilled in the art 

that various changes may be made and equivalents may be substituted vvithout 

departing from the true spirit and scope of the invention. In addition, many 

modifications may be made to adapt a particular situation, material, composition 

of matter, process, process step or steps, to the ol:rjective, spirit and scope of the 

present invention. All such modifications are intended to be vvithin the scope of 

the claims appended hereto. 

[001151] Fig. 186A illustrates the schematic cross-sectional view of memory cell 

1350 according to the present invention, respectively. Memory cell 1350 

includes a substrate 12 of a first conductivity type such as p-type, for example. 

Substrate 12 is typically made of silicon, but may also comprise, for example, 

germanium, silicon germanium, gallium arsenide, carbon nanotubes, or other 

semiconductor materials. In some embodiments of the invention, substrate 12 

can be the bulk material of the semiconductor wafer. In other embodiments, 

substrate 12 can be a well of the first conductivity type embedded in either a 

well of the second conductivity type or, alternatively, in the bulk of the 

semiconductor wafer of the second conductivity type, such as n-type, for 

example, (not shown in the figures) as a matter of design choice. To simplify the 

description, the substrate 12 vvill usually be drawn as the semiconductor bulk 

material as it is in Fig. 186A. 

[001152] A buried layer 22 of a second conductivity type such as n-type, for 

example, is provided in the substrate 12. Buried layer 22 may be formed by an 

ion implantation process on the material of substrate 12. Alternatively, buried 

layer 22 can also be grown epitaxially on top of substrate 12. 

[001153] A floating body region 24 of the first conductivity type, such asp-type, 

for example, is bounded on top by bit line region 16, source line region 18, and 

insulating layer 62, on the sides by insulating layers 26, and on the bottom by 

buried layer 22. Floating body 24 may be the portion of the original substrate 12 

above buried layer 22 ifburied layer 22 is implanted. Alternatively, floating 

body 24 may be epitaxially grown. Depending on how buried layer 22 and 

floating body 24 are formed, floating body 24 may have the same doping as 

substrate 12 in some embodiments or a different doping, if desired in other 

embodiments, as a matter of design choice. 
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[001154] Insulating layers 26 (like, for example, shallow trench isolation (STI)), 

may be made of silicon oxide, for example, though other insulating materials 

may be used. Insulating layers 26 insulates cell 1350 from neighboring cells 

1350 when multiple cells 1350 are joined in an array 1380 to make a memory 

device. The bottom of insulating layer 26 may reside inside the buried region 22 

allowing buried region 22 to be continuous as shown in Fig. 186A. 

Alternatively, the bottom of insulating layer 26 may reside below the buried 

region 22 as shown in the cross-sectional view of another embodiment of 

memory cell 1350 in Fig. 186B. This requires a shallower insulating layer 28, 

which insulates the floating body region 24, but allows the buried layer 22 to be 

continuous in the perpendicular direction of the cross-sectional view shown in 

Fig. 186B. For simplicity, only mem01y cell 1350 with continuous buried region 

22 in all directions will be shown from hereon. 

[001155] A bit line region 16 having a second conductivity type, such as n-type, 

for example, is provided in floating body region 24 and is exposed at surface 14. 

Bit line region 16 is formed by an implantation process formed on the material 

making up substrate 12, according to any implantation process known and 

typically used in the art. Alternatively, a solid state diffusion process could be 

used to form bit line region 16. 

[001156] A source line region 18 having a second conductivity type, such as n-

type, for example, is also provided in floating body region 24 and is exposed at 

surface 14. Source line region 18 is formed by an implantation process formed 

on the material making up substrate 12, according to any implantation process 

known and typically used in the art. Alternatively, a solid state diffusion process 

could be used to form source line region 18. 

[001157] Memory cell 1350 is asymmetric in that the area of source line region 18 

is larger than that of bit line region 16. The larger source line region 18 results in 

a higher coupling between the source line region 18 and floating gate 60, as 

compared to the coupling between the bit line region 16 and the floating gate 60. 

[001158] A floating gate 60 is positioned in between the bit line region 16 and 

source line region 18 and above the :floating body region 24. The floating gate 60 

is insulated from floating body region 24 by an insulating layer 62. Insulating 

layer 62 may be made of silicon oxide and/or other dielectric materials, 
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including high-K dielectric materials, such as, but not limited to, tantalum 

peroxide, titanium oxide, zirconium oxide, hafuium oxide, and/or aluminum 

oxide. The floating gate 60 may be made of, for example, polysilicon material or 

metal gate electrode, such as tungsten, tantalum, titanium and their nitrides. 

[001159] Cell 1350 is a single polysilicon floating gate mem01y cell. As a result, 

cell 1350 is compatible vvith typical complementary metal oxide semiconductor 

(CMOS) processes. The floating gate 60 polysilicon materials can be deposited 

and formed in conjunction vvith the gates oflogic transistors. This is compared 

for example vvith stacked gate Flash memory device, where a second polysilicon 

gate (e.g. a control gate) is stacked above a polysilicon floating gate (see for 

example Fig. 4.6 on p.197 in ''Nonvolatile Semiconductor Memory 

Teclmology", W.D. Brown and J.E. Brewer "Brown"), which is hereby 

incorporated herein, in its entirety, by reference thereto. Such stacked gate 

memory cell typically require dual (or more) polysilicon layer processing, where 

the first polysilicon (e.g. :floating gate) is deposited and formed, followed by the 

formation of a second polysilicon (e.g. control gate) layer. 

[001160] Cell 1350 includes several terminals: bit line (BL) terminal 74 

electrically coJlllected to bit line region 16, source line (SL) terminal 72 

electrically coJlllected to source line region 18, buried well (BW) terminal 76 

electrically coJlllected to buried layer 22, and substrate terminal 78 electrically 

connected to the substrate 12. There is no electrical coJlllection to :floating gate 

60. As a result, floating gate 60 is floating and is used as the non-volatile 

storage region. 

[001161] Fig. 186C illustrates the equivalent circuit representation of mem01y cell 

1350. Inherent in memory cell 1350 are metal-oxide-semiconductor (MOS) 

transistor 20, formed by bit line region 16, floating gate 60, source line region 

18, and floating body region 24, and bipolar devices 30a and 30b, formed by 

buried well region 22, floating body region 24, and bit line region 16 or source 

line region 18, respectively. 

[001162] Also inherent in memory device 1350 is bipolar device 30c, formed by 

bit line region 16, floating body 24, and source line region 18. For dravvings 

clarity, bipolar device 30c is shown separately in Fig. 186D. 
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[001163] Fig. 186E illustrates an exemplary memory array 1380 of memory cells 

1350 (four exemplary instances of memory cell 1350 being labeled as 1350a, 

13 5 Ob, 135 Oc and 13 50d) arranged in rows and columns. In many, but not 

necessarily all, of the figures where exemplary array 1380 appears, 

representative mem01y cell 1350a will be representative of a "selected" memory 

cell 1350 when the operation being described has one (or more in some 

embodiments) selected memory cells 1350. In such figures, representative 

memory cell 1350b will be representative of an unselected mem01y cell 1350 

sharing the same row as selected representative memory cell l 350a, 

representative memory cell 1350c will be representative of an unselected 

memory cell 1350 sharing the same column as selected representative mem01y 

cell 1350a, and representative memory cell 1350d will be representative of a 

memory cell 1350 sharing neither a row or a column with selected representative 

memory cell 1350a. 

[001164] Present in Fig. l 86E are source lines 72a through 72n, bit lines 7 4a 

through 74p, buried well terminals 76a through 76n, and substrate terminal 78. 

Each of the source lines 72a through 72n is associated with a single row of 

memory cells 1350 and is coupled to the source line region 18 of each memory 

cell 1350 in that row. Each of the bit lines 7 4a through 7 4p is associated with a 

single column of memory cells 1350 and is coupled to the bit line region 16 of 

each memory cell 1350 in that column. 

[001165] Substrate 12 is present at all locations under array 1380. Persons of 

ordinary skill in the art will appreciate that one or more substrate terminals 78 

may be present in one or more locations as a matter of design choice. Such 

skilled persons will also appreciate that while exemplary array 1380 is shown as 

a single continuous array in Fig. 186E, that many other organizations and layouts 

are possible. For example, word lines may be segmented or buffered, bit lines 

may be segmented or buffered, source lines may be segmented or buffered, the 

array 1380 may be broken into two or more sub-arrays, and/or control circuits 

such as word decoders, column decoders, segmentation devices, sense 

amplifiers, write amplifiers may be arrayed around exemplary array 1380 or 

inserted between sub-arrays of array 1380. Thus the exemplary embodiments, 

features, design options, etc., described are not limiting in any way. 
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[001166] Fig. 187 shows a flowchart 100 describing the operation of the mem01y 

device 1350. At event 102, when power is first applied to the mem01y device, 

the mem01y device is placed in an initial state, where the nonvolatile memory 

portion of the device is set to a predetermined state. At event 104, the memory 

device 1350 operates in the volatile operational mode. During power shutdown, 

or when power is inadvertently lost, or any other event that discontinues or 

upsets power to the memory device 1350, the content of the volatile memory is 

loaded into the non-volatile memory portion at event 106, during a process 

which is referred to here as "shadowing". A shadowing operation can also be 

performed during backup operations, which may be performed at regular 

intervals during volatile operation 104 periods, and/or at any ti.me that a user 

manually instructs a backup. During a backup operation, the content of the 

volatile memory is copied to the non-volatile memory while power is maintained 

to the volatile memory so that the content of the volatile memory also remains in 

volatile memory. Alternatively, because the volatile memory operation 

consumes more power than the non-volatile storage of the contents of the 

volatile memory, the device can be configured to perform the shadowing process 

anytime the device has been idle for at least a predetermined period of ti.me, 

thereby transferring the contents of the volatile memory into non-volatile 

memory and conserving power. As one example, the predetermined ti.me period 

can be about thirty minutes, but of course, the invention is not limited to this 

ti.me period, as the device could be programmed with virtually any 

predetermined ti.me period that is longer than the ti.me period required to perform 

the shadowing process with careful consideration of the non-volatile memory 

reliability. 

[001167] After the content of the volatile memory has been moved during a 

shadowing operation, the shutdown of the memory device 1350 occurs, as power 

is no longer supplied to the volatile memory. At this ti.me, the memory device 

retains the stored data in the nonvolatile memory. Upon restoring power at event 

108, the content of the nonvolatile memory is restored by transferring the 

content of the nonvolatile memory to the volatile memory in a process referred 

to herein as the ''restore" process, after which, upon resetting the memory device 
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at event 110, the memory device 1350 may be reset to the initial state 102 and 

again operates in a volatile mode at event 104. 

[001168] In one embodiment, the non-volatile memory (e.g. the floating gate 60) is 

initialized to have a positive charge at event 102. When power is applied to cell 

1350, cell 1350 stores the mem01y information (i.e. data that is stored in 

memory) as charge in the floating body 24 of the memory device 1350. The 

presence of the electrical charge in the floating body 24 modulates the current 

flow through the memory device 1350 (from the BL terminal 7 4 to the SL 

terminal 72). The current flowing through the memory device 1350 can be used 

to determine the state of the cell 1350. Because the non-volatile memory element 

(e.g. the floating gate 60) is initialized to have a positive charge, any cell current 

differences are attributed to the differences in charge of the floating body 24. 

[001169] Several operations can be performed to memory cell 1350 during volatile 

mode: holding, read, write logic-1 and write logic-0 operations. 

[001170] Fig. 188 shows the holding operation on memory array 1380, which 

consists of a plurality of memory cells 1350. The holding operation is performed 

by applying a positive back bias to the BW terminal 7 6, and zero bias on the BL 

terminal 7 4 and SL terminal 72. The positive back bias applied to the buried 

layer region connected to the BW terminal will maintain the state of the memory 

cell 1350 that it is connected to. 

[001171] From the equivalent circuit representation of memory cell 1350 shown in 

Fig. 186C, inherent in the mem01y cell 1350 is n-p-n bipolar devices 30a and 

30b formed by buried well region 22 (the collector region), floating body 24 (the 

base region), and bit line region 16 or source line region 18 (the emitter region), 

respective! y. 

[001172] Fig. 189A shows the energy band diagram of the intrinsic n-p-n bipolar 

device 30a when the floating body region 24 is positively charged and a positive 

bias voltage is applied to the buried well region 22. The energy band diagram of 

the n-p-n device 30b is similar to the one shown in Fig. 189A, with the source 

line region 18 ( coJlllected to SL terminal 72) replacing the bit line region 16 

(connected to BL terminal 74). The dashed lines indicate the Fermi levels in the 

various regions of the n-p-n transistor 30a. The Fermi level is located in the band 

gap between the solid line 17 indicating the top of the valence band (the bottom 
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of the band gap) and the solid line 19 indicating the bottom of the conduction 

band (the top of the band gap) as is well lmown in the art. If floating body 24 is 

positively charged, a state corresponding to logic-1, the bipolar transistors 30a 

and 30b will be turned on as the positive charge in the floating body region 

lowers the energy barrier of electron flow into the base region. Once injected 

into the floating body region 24, the electrons will be swept into the buried well 

region 22 (connected to BW terminal 7 6) due to the positive bias applied to the 

buried well region 22. As a result of the positive bias, the electrons are 

accelerated and create additional hot carriers (hot hole and hot electron pairs) 

through an impact ionization mechanism. The resulting hot electrons flow into 

the BW terminal 76 while the resulting hot holes will subsequently flow into the 

floating body region 24. This process restores the charge on floating body 24 and 

will maintain the charge stored in the floating body region 24 which will keep 

the n-p-n bipolar transistors 30a and 30b on for as long as a positive bias is 

applied to the buried well region 22 through BW terminal 76. 

[001173] If floating body 24 is neutrally charged (the voltage on :floating body 24 

being equal to the voltage on grounded bit line region 16), a state corresponding 

to logic-0, no current will flow through the n-p-n transistors 30a and 30b. The 

bipolar devices 30a and 30b will remain off and no impact ionization occurs. 

Consequently memory cells in the logic-0 state will remain in the logic-0 state. 

[001174] Fig. 189B shows the energy band diagram of the intrinsic n-p-n bipolar 

device 130a when the :floating body region 24 is neutrally charged and a bias 

voltage is applied to the buried well region 22. In this state the energy level of 

the band gap bounded by solid lines 17 A and 19A is different in the various 

regions of n-p-n bipolar device 30a. Because the potential of the floating body 

region 24 and the bit line region 16 is equal, the Fermi levels are constant, 

resulting in an energy barrier between the bit line region 16 and the floating 

body region 24. Solid line 23 indicates, for reference purposes, the energy 

barrier between the bit line region 16 and the floating body region 24. The 

energy barrier prevents electron flow from the bit line region 16 (connected to 

BL terminal 7 4) to the floating body region 24. Thus the n-p-n bipolar device 30 

will remain off. 

260 

efiling
Rectangle



WO 2011/097592 PCT/US2011/023947 

Atty. Docket: ZEN0-012WO 

[001175] In the holding operation described in Fig. 188, there is no individually 

selected mem01y cell. Rather cells are selected in rows by the buried well 

terminals 76a through 76n and may be selected as individual rows, as multiple 

rows, or as all of the rows comprising array 1380. 

[001176] In one embodiment the bias condition for the holding operation for 

memory cell 1350 is: 0 volts is applied to BL terminal 7 4, 0 volts is applied to 

SL terminal 72, a positive voltage like, for example,+ 1.2 volts is applied to BW 

terminal 76, and 0 volts is applied to the substrate terminal 78. In other 

embodiments, different voltages may be applied to the various terminals of 

memory cell 1350 as a matter of design choice and the exemplazy voltages 

described are therefore not limiting. 

[001177] The read operation of the memory cell 1350 and array 1380 of memory 

cells will described in conjunction with Figs. 190A and 190 B. Any sensing 

scheme lmown in the art can be used with memory cell 1350. Examples include, 

for example, the sensing schemes disclosed in "Memory Design Using One­

Transistor Gain Cell on SOI", T. Ohsawa et al., pp. 152-153, Tech. Digest, 2002 

IEEE International Solid-State Circuits Conference, Februazy 2002) ("Ohsawa-

1 ")and "An 18.5ns 128Mb SOI DRAM with a Floating Body Cell", Ohsawa et 

al., pp. 458-459, 609, IEEE International Solid-State Circuits Conference, 2005 

(''Ohsawa-2"), both of which are hereby incorporated herein, in their entireties, 

by reference thereto. 

[001178] The amount of charge stored in the floating body 24 can be sensed by 

monitoring the cell current of the memory cell 1350. If memory cell 1350 is in a 

logic-1 state having holes in the body region 24, then the memory cell will have 

a higher cell current (e.g. current flowing from the BL terminal 7 4 to SL 

terminal 72), compared to if cell 1350 is in a logic-0 state having no holes in 

floating body region 24. A sensing circuit typically connected to BL terminal 7 4 

can then be used to determine the data state of the memory cell. 

[001179] A read operation may be performed through an active bit line high (see 

Fig. 190A) or an active source line high (see Fig. 190B) scheme. In an active bit 

line high, a positive bias is applied to the selected BL terminal 7 4, zero voltage 

is applied to the selected SL terminal 72, zero or positive voltage is applied to 
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the selected BW terminal 76 and zero voltage is applied to the substrate terminal 

78. 

[001180] In one exemplazy embodiment, about 0.0 volts is applied to the selected 

SL terminal 72a, about +O .4 volts is applied to the selected bit line terminal 7 4a, 

about + 1. 2 vol ts is applied to the selected buried well terminal 7 6a, and about 

0.0 volts is applied to substrate terminal 78. All unselected bit line terminals 7 4b 

through 7 4p have 0.0 volts applied or left floating, the unselected SL terminals 

72b through 72p have +0.4 volts applied or left floating, while the unselected 

BW terminals 7 6b through 7 6p can be grounded or have + 1.2 volts applied to 

maintain the states of the unselected cells 1350, and 0.0 volts is applied to the 

substrate terminal 78. Fig. 190A shows the bias conditions for the selected 

representative memory cell 1350a and three unselected representative mem01y 

cells 1350b, 1350c, and 1350d in memory array 1380, each of which has a 

unique bias condition. Persons of ordinazy skill in the art will appreciate that 

other embodiments of the invention may employ other combinations of applied 

bias voltages as a matter of design choice. Such skilled persons will also realize 

that the first and second conductivity types may be reversed and the relative bias 

voltages may be inverted in other embodiments. 

[001181] In an active source line high, a positive bias is applied to the selected SL 

terminal 72, zero voltage is applied to the selected BL terminal 7 4, zero or 

positive voltage is applied to the selected BW terminal 76 and zero voltage is 

applied to the substrate terminal 78. 

[001182] In one exemplazy embodiment, about +0.4 volts is applied to the selected 

SL terminal 72a, about 0.0 volts is applied to the selected bit line terminal 74a, 

about + 1. 2 vol ts is applied to the selected buried well terminal 7 6a, and about 

0.0 volts is applied to substrate terminal 78. All unselected bit line terminals 7 4b 

through 7 4p have +0.4 volts applied or left floating, the unselected SL terminals 

72b through 72p have 0.0 volts applied or left floating, while the unselected BW 

terminals 76b through 76p can be grounded or have+ 1.2 volts applied to 

maintain the states of the unselected cells 1350, and 0.0 volts is applied to the 

substrate terminal 78. Fig. 190B shows the bias conditions for the selected 

representative memory cell 1350a and three unselected representative mem01y 

cells 1350b, 1350c, and 1350d in memory array 1380, each of which has a 
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unique bias condition. Persons of ordinary skill in the art vvill appreciate that 

other embodiments of the invention may employ other combinations of applied 

bias voltages as a matter of design choice. Such skilled persons vvill also realize 

that the first and second conductivity types may be reversed and the relative bias 

voltages may be inverted in other embodiments. 

[001183] A write logic-0 operation of an individual memory cell 1350 is now 

described vvith reference to Figs. 191A and 191B. In Fig. 191A, a negative 

voltage bias is applied to the SL terminal 72, a zero voltage bias is applied to BL 

terminal 7 4, zero or positive voltage is applied to the selected BW terminal 7 6 

and zero voltage is applied to the substrate terminal 78. Under these conditions, 

the p-njunction between floating body 24 and source line region 18 of the 

selected cell 1350 is forward-biased, evacuating any holes from the floating 

body 24. Because the SL terminal 72 is shared among multiple mem01y cells 

1350, logic-0 vvill be written into all mem01y cells 1350 including memory cells 

1350a and 1350b sharing the same SL terminal 72a simultaneously. 

[001184] In one particular non-limiting embodiment, about -0.5 volts is applied to 

source line terminal 72, about 0.0 volts is applied to bit line terminal 74, about 

0.0 volts or+ 1.2 volts is applied to BW terminal 76, and about 0.0 volts is 

applied to substrate terminal 78. These voltage levels are exemplary only may 

vary from embodiment to embodiment as a matter of design choice. Thus the 

exemplary embodiments, features, bias levels, etc., described are not limiting in 

anyway. 

[001185] In Fig. 191 B, a negative voltage bias is applied to the BL terminal 7 4, a 

zero voltage bias is applied to SL terminal 72, zero or positive voltage is applied 

to the selected BW terminal 76 and zero voltage is applied to the substrate 

terminal 78. Under these conditions, the p-n junction between floating body 24 

and bit line region 16 of the selected cell 1350 is forward-biased, evacuating any 

holes from the floating body 24. Because the BL terminal 7 4 is shared among 

multiple memory cells 1350 in mem01y array 1380, logic-0 vvill be written into 

all memory cells 1350 including memory cells 1350a and 1350c sharing the 

same BL terminal 7 4a simultaneously. 

[001186] In one particular non-limiting embodiment, about -0.5 volts is applied to 

bit line terminal 7 4, about 0.0 volts is applied to source line terminal 72, about 
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0.0 volts or+ 1.2 volts is applied to BW terminal 76, and about 0.0 volts is 

applied to substrate terminal 78. These voltage levels are exemplary only may 

vary from embodiment to embodiment as a matter of design choice. Thus the 

exemplary embodiments, features, bias levels, etc., described are not limiting in 

anyway. 

[001187] Both write logic-0 operations referred to above each has a drawback that 

all memory cells 1350 sharing either the same SL terminal 72 (the first type -

row write logic-0) or the same BL terminal 7 4 will (the second type - column 

write logic-0) be written to simultaneously and as a result, does not allow writing 

logic-0 to individual memory cells 1350. To write arbitrary binary data to 

different memory cells 1350, a write logic-0 operation is first performed on all 

the mem01y cells to be written followed by one or more write logic-1 operations 

on the bits that must be written to logic-1. 

[001188] Figs. 192A and 192B describe write logic-1 operations using active bit 

line high scheme and active source line high scheme, respectively. Under active 

bit line high scheme, the following bias condition is applied: a positive voltage is 

applied to the selected BL terminal 7 4, zero voltage is applied to the selected SL 

terminal 72, zero or positive voltage is applied to the selected BW terminal 76 

and zero voltage is applied to the substrate terminal 78. A positive voltage less 

than the positive voltage applied to the selected BL terminal 7 4 is applied to the 

unselected SL terminals 72 (e.g. SL terminals 72b through 72n in Fig. 192A), 

while zero voltage is applied to the unselected BL terminals 74 (e.g. BL 

terminals 74b through 74p in Fig. 192A). Alternatively, the unselected SL and 

BL terminals can be left floating. 

[001189] Because the floating gate 60 is positively charged, electrons will flow 

through the selected memory cell 1350a from the SL terminal 72a to the BL 

terminal 74a. The bias conditions on the selected terminals are configured such 

that the MOS device 20 of the selected cell 1350a is in saturation (i.e. the 

voltage applied to the BL terminal 7 4 is greater than the difference between the 

voltage floating gate 60 and the threshold voltage of the MOS device 20). As a 

result, electrons will be accelerated in the pinch-off region of the MOS device 

20, creating hot carriers in the vicinity of the bit line region 16. The generated 
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holes vvill then flow into the :floating body 24, putting the cell 1350a to the logic-

1 state. 

[001190] In one particular non-limiting embodiment, about+ 1.2 volts is applied to 

the selected bit line terminal 7 4, about 0.0 volts is applied to source line terminal 

72, about 0.0 volts or+ 1.2 volts is applied to BW terminal 76, and about 0.0 

volts is applied to substrate terminal 78; while about 0.0 volts is applied to the 

unselected bit line terminal 7 4 and about +0.4 volts is applied to the unselected 

source line terminal 72. These voltage levels are exemplary only may vary from 

embodiment to embodiment as a matter of design choice. Thus the exemplary 

embodiments, features, bias levels, etc., described are not limiting in any way. 

[001191] For memory cells sharing the same row as the selected memory cell (e.g. 

cell 1350b ), both the BL and SL terminals are grounded and no current vvill flow 

through. These cells vvill be at the holding mode with a positive voltage applied 

to the BW terminal 7 6. 

[001192] For memory cells sharing the same column as the selected memory cell 

(e.g. cell 1350c), the positive bias applied to the unselected SL terminal vvill tum 

off the MOS device 20 of these cells. Consequently, no current vvill flow 

through. A smaller holding current will flow through these cells because of the 

smaller difference between the BW terminal 76 and the SL terminal 72. 

However, because write operation is accomplished much faster (in the order of 

nanoseconds) compared to the lifetime of the charge in the floating body 24 (in 

the order of milliseconds), it should cause little disruptions to the charge stored 

in the floating body. 

[001193] For memory cells sharing neither the same row nor the same column as 

the selected memory cell (e.g. cell 1350d), the SL terminal is positively biased 

while the BL terminal is grounded. However, the positive bias applied to the SL 

terminal is kept low enough so that no impact ionization occurs. These cells vvill 

be at the holding mode, where memory cells in state logic-1 will maintain the 

charge in floating body 24 while memory cells in state logic-0 will remain in 

neutral state. 

[001194] Fig. 192B illustrates the write logic-1 operation under the active source 

line high scheme, where the following bias condition is applied: a positive 

voltage is applied to the selected SL terminal 72, zero voltage is applied to the 
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selected BL terminal 7 4, zero or positive voltage is applied to the selected BW 

terminal 76 and zero voltage is applied to the substrate terminal 78. A positive 

voltage less than the positive voltage applied to the selected SL terminal 72 is 

applied to the unselected BL terminals 74 (e.g. BL terminals 74b through 74p in 

Fig. 192B), while zero voltage is applied to the unselected SL terminals 72 (e.g. 

SL terminals 72b through 72n in Fig. 192B). Alternatively, the unselected SL 

and BL terminals can be left floating. 

[001195] The positive charge on the floating gate 60 combined with the capacitive 

coupling from the source line region 18 will turn on the MOS device 20 of the 

selected cell 1350a. As a result, electrons will flow through the selected memory 

cell 1350a from the BL terminal 74a to the SL terminal 72a. The bias conditions 

on the selected terminals are configured such that the MOS device 20 of the 

selected cell 1350a is in saturation (i.e. the voltage applied to the SL terminal 72 

is greater than the difference between the voltage floating gate 60 and the 

threshold voltage of the MOS device 20). As a result, electrons will be 

accelerated in the pinch-off region of the MOS device 20, creating hot carriers in 

the vicinity of the source line region 18. The generated holes will then flow into 

the floating body 24, putting the cell 1350a to the logic-1 state. 

[001196] In one particular non-limiting embodiment, about+ 1.2 volts is applied to 

the selected source line terminal 72, about 0.0 volts is applied to the selected bit 

line terminal 7 4, about 0.0 volts or+ 1.2 volts is applied to BW terminals 7 6, and 

about 0.0 volts is applied to substrate terminal 78; while about 0.0 volts is 

applied to the unselected source line terminals 72 and about +0.4 volts is applied 

to the unselected bit line terminals 7 4. These voltage levels are exemplary only 

may vary from embodiment to embodiment as a matter of design choice. Thus 

the exemplary embodiments, features, bias levels, etc., described are not 

limiting. 

[001197] For memory cells sharing the same row as the selected memory cell (e.g. 

cell 1350b ), the positive bias applied to the unselected BL terminal will turn off 

the MOS device 20 of these cells. Consequently, no current will flow through. A 

smaller holding current will flow through these cells because of the smaller 

difference between the BW terminal 76 and the SL terminal 72. However, 

because the write operation is accomplished much faster (in the order of 
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nanoseconds) compared to the lifetime of the charge in the floating body 24 (in 

the order of milliseconds), it should cause little disruptions to the charge stored 

in the floating body. 

[001198] For memory cells sharing the same column as the selected memory cell 

(e.g. cell 1350c), both the BL and SL terminals are grounded and no current vvill 

flow through. These cells vvill be at the holding mode vvith a positive voltage 

applied to the BW terminal 7 6. 

[001199] For memory cells sharing neither the same row nor the same column as 

the selected memory cell (e.g. cell 1350d), the BL terminal is positively biased 

while the SL terminal is grounded. However, the positive bias applied to the BL 

terminal is kept low enough so that no impact ionization occurs. These cells vvill 

be at the holding mode, where memory cells in state logic-1 vvill maintain the 

charge in floating body 24 while memory cells in state logic-0 vvill remain in 

neutral state. 

[001200] When power down is detected, e.g., when a user turns off the power to 

cell 1350, or the power is inadvertently interrupted, or for any other reason, 

power is at least temporarily discontinued to cell 1350, data stored in the floating 

body region 24 is transferred to floating gate 60. This operation is referred to as 

"shadovving" and is described vvith reference to Figs. 193A-193C. 

[001201] Figs. 193A-193C illustrate an embodiment of operation of cell 1350 to 

perform a volatile to non-volatile shadowing process, which operates by a hot 

electron injection process. To perform a shadowing process, the following bias 

conditions are applied: a positive voltage is applied to the SL terminal 72, zero 

voltage is applied to the BL terminal 7 4, zero or positive voltage is applied to the 

BW terminal 7 6, and zero voltage is applied to the substrate terminal 78. 

[001202] In one particular non-limiting embodiment, about +6.0 volts is applied to 

the source line terminal 72, about 0.0 volts is applied to bit line terminal 7 4, 

about 0. 0 vol ts or + 1.2 volts is applied to BW terminal 7 6, and about 0. 0 vol ts is 

applied to substrate terminal 78. These voltage levels are exemplary only may 

vary from embodiment to embodiment as a matter of design choice. Thus the 

exemplary embodiments, features, bias levels, etc., described are not limiting in 

anyway. 
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[001203] Fig. 193B illustrates the cross section of cell 1350 during a shadowing 

process when :floating body 24 is positively charged. \Vhen floating body 24 has 

a positive charge/voltage, the MOS device 20 and the bipolar device 30c are on, 

and electrons flow from the bit line region 16 to the source line region 18 (in the 

direction of the arrow shown in Fig. 193B). The application of the positive 

voltage to terminal 72 at source line region 18 energizes/accelerates electrons 

traveling through the floating body 24 to a sufficient extent that they can 'jump 

over" the oxide barrier behveen :floating body 24 and floating gate 60, so that 

electrons enter floating gate 60 (as indicated by the arrow into floating gate 60 in 

Fig. 193B). Accordingly, floating gate 60 becomes negatively charged by the 

shadowing process, when the volatile memory of cell 1350 is in logic-1 state 

(i.e., floating body 24 is positively charged), as shown in Fig. 193B. 

[001204] Fig. 193C illustrates the cross section of cell 1350 during a shadowing 

process when :floating body 24 is neutral. \Vhen floating body 24 is neutral, the 

MOS device 20 and the bipolar device 30c are off, and no electrons flow through 

the cell 1350. Accordingly, floating gate 60 retains its positive charge at the end 

of the shadowing process, when the volatile memory of cell 1350 is in logic-0 

state (i.e., floating body 24 is neutral), as shown in Fig. 193C. 

[001205] A positive voltage less than the positive voltage on the SL terminal 72 

can also be applied to the BL terminal 74 to ensure that only mem01y cells 1350 

with positive floating body 24 is conducting current during shadowing operation. 

[001206] Note that upon the completion of the shadowing operation, the charge 

state of the floating gate 60 is complementazy to that of the floating body 24. 

Thus, ifthe floating body 24 of the mem01y cell 1350 has a positive charge in 

volatile memory, the floating gate 60 will become negatively charged by the 

shadowing process, whereas ifthe floating body 24 of the memory cell 1350 has 

a negative or neutral charge in volatile memory, the floating gate layer 60 will be 

positively charged at the end of the shadowing operation. The charges/states of 

the floating gates 60 are determined non-algorithmically by the states of the 

floating bodies, and shadowing of multiple cells occurs in parallel, therefore the 

shadowing process is very fast. 

[001207] \Vhen power is restored to cell 1350, the state of the cell 1350 as stored 

on floating gate 60 is restored into floating body region 24. The restore 
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operation (data restoration from non-volatile memory to volatile mem01y) is 

described vvith reference to Figs. 194A-194C. Prior to the restore process, the 

floating bodies 24 are set to neutral state, which is the state of the :floating bodies 

when power is removed from the memory device 1350. To perform the restore 

process, the follovving bias conditions are applied: a positive voltage is applied 

to the BL terminal 7 4, zero voltage is applied to the SL terminal 72, zero or 

positive voltage is applied to the BW terminal 76, and zero voltage is applied to 

the substrate terminal 78. 

[001208] In one particular non-limiting embodiment, about +3.0 volts is applied to 

the bit line terminal 7 4, about 0.0 volts is applied to source line terminal 72, 

about 0. 0 vol ts or + 1.2 volts is applied to BW terminal 7 6, and about 0. 0 vol ts is 

applied to substrate terminal 78. These voltage levels are exemplary only may 

vary from embodiment to embodiment as a matter of design choice. Thus the 

exemplary embodiments, features, bias levels, etc., described are not limiting in 

anyway. 

[001209] Fig. 194B illustrates the cross section of cell 1350 during restore process 

when floating gate 60 is negatively charged. The negative charge on the floating 

gate 60 and the positive voltage on BL terminal 7 4 create a strong electric field 

between the bit line region 16 and the floating body region 24 in the proximity 

of floating gate 60. This bends the energy band sharply upward near the gate and 

bit line junction overlap region, causing electrons to tunnel from the valence 

band to the conduction band, leaving holes in the valence band. The electrons 

which tunnel across the energy band become the drain leakage current, while the 

holes are injected into floating body region 24 and become the hole charge that 

creates the logic-1 state. This process is well known in the art as band-to-band 

tunneling or gate induced drain leakage (GIDL) mechanism and is illustrated in 

for example in "A Design of a Capacitor-less 1 T-DRAM Cell Using Gate­

Induced Drain Leakage (GIDL) Current for Low-power and High-speed 

Embedded Memory", Yoshida et al., pp. 913-918, International Electron Devices 

Meeting, 2003 ("Yoshida") (specifically Figs. 2 and 6 on page 3 and Fig. 9 on 

page 4), which is hereby incorporated herein, in its entirety, by reference thereto. 

[001210] Fig. 194C illustrates the cross section of cell 1350 during restore process 

when floating gate 60 is positively charged. The positive charge on the floating 
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gate 60 and the bit line region 16 do not result in strong electric field to drive 

hole ittjection it1to the floatit1g body 24. Consequently, the floating body 24 will 

remain in neutral state. 

[001211] It can be seen that if floating gate 60 has a positive charge after 

shadowing is perfonned, the volatile rnemmy of floating body 24 ""ill be 

restored to have a neutral charge (logic-0 state), but if the floating gate 60 has a 

negative chm·ge, the volatile memory of floating body 24 will be restored to have 

a positive charge (logic-1 state), thereby restoring the original state of the 

floating body 24 prior to the shado"\\'illg operation. Note that this process occurs 

non-algorithmically, as the state of the floatll1g gate 60 does not have to be read, 

inte1vreted, or otherwise measured to detennine what state to restore the floating 

body 24 to. Rather, the restoration process occms automatically, driven by 

electrical potential differences. Accordingly, this process is orders of magnitude 

faster than one that requires alg01itlunic inte1vention. 

[001212] After restoring tl1e memory cell(s) 1350, the floating gate(s) 60 is/are 

reset to a precleterrnined state, e.g., a positive state, so that each floating gate 60 

has a known state prior to perfonning another shadowing operation. The res et 

process operates by the mechmrism ofband-to-band tmmehng hole injection to 

the floating gate(s) 60, as illustrated in Fig. 195. 

[001213] The reset mechanism follows a similar mechanism as the restore process. 

A negatively charged floating gate 60 will result in an elecb.ic field generating 

hot holes. The majority of tl1e resulting hot holes are injected into the floating 

body 24 and a smaller portion will be injected into the floating gate 60. The hole 

irtjection >vill only occm in cells 1350 with negatively charged floating gate 60. 

As a result, all floating gates 60 will be initialized to have a positive charge by 

the end of the reset process. 

001214 In one particular non-limiting embodiment, about +3.0 volts is applied to 

the bit line tenninal 7 4, about 0.0 volts is applied to source line terminal 72, 

about 0.0 volts or+ 1.2 volts is applied to BW terminal 76, mid about 0.0 volts is 

applied to substrate terrninal 78. These voltage levels are exemplmy only may 

vaiy from embodiment to embodiment as a matter of design choice. Tims the 

exemplary embodiments, features, bias levels, etc., described are not limiting in 

any way. The bias condition is similar to that of the restore operation. However, 
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because the amount of holes injected into the floating gate 60 is a smaller portion 

than those injected into the floating body 24, the reset operation proceeds more 

slowly than the restore operation. A negative voltage can also be applied to 

either source line terminal 72 or buried well terminal 7 6 to ensure that no holes 

are accumulated in mem01y cells 1350 with positively charged floating gate 60. 

[001215] The memory cell 1350 can be manufactured in several manners. Figs. 

196 and 197 provide examples of manufacturing processes to obtain mem01y 

cell 1350. The figures are arranged in groups of three related views, with the first 

figure of each group being a top view, the second figure of each group being a 

vertical cross section of the top view in the first figure of the group designated I­

I', and the third figure of each group being a horizontal cross section of the top 

view in the first figure of the group designated 11-11'. Thus Figs. 196A, 196D, 

196G, 196J, 196M, 196P and 197A, 197D, 197G, 197J, 197M and 197P are a 

series of top views of the memory cell 1350 at various stages in the 

manufacturing process, Figs. 196B, 196E, 196H, 196K, 196N and 196Q and 

197B, 197E, 197H, 197K, 197N and 197Q are their respective vertical cross 

sections labeled I-I', and Figs. 196C, 196F, 196I, 196L, 1960 and 196R and 

197C, 197F, 197I, 197L, 1970 and 197R are their respective horizontal cross 

sections labeled 11-11'. Identical reference numbers from Figs. 186 through 195 

appearing in Figs. 196 and 197 represent similar, identical or analogous 

structures as previously described in conjunction with the earlier drawing 

figures. Here ''vertical" means running up and down the page in the top view 

diagram and "horizontal" means running left and right on the page in the top 

view diagram. In a physical embodiment of memory cell 1350, both cross 

sections are vertical with respect to the surface of the semiconductor device. 

[ 001216] Figs. 196A through 196C show the first steps of the process. In an 

exemplary 130 nanometer (nm) process a thin silicon oxide layer 82 with a 

thickness of about 1 OOA may be grown on the surface of substrate 12. This may 

be followed by a deposition of about 200A of polysilicon layer 84. This in turn 

may be followed by deposition of about 1200A silicon nitride layer 86. Other 

process geometries like, for example, 250 nm, 180nm, 90 nm, 65 nm, etc., may 

be used. Similarly, other numbers of, thicknesses of, and combinations of 

protective layers 82, 84 and 86 may be used as a matter of design choice. A 
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pattern opening the areas to become trench 80 may be formed using a 

lithography process. Then the silicon oxide 82, polysilicon 84, silicon nitride 86 

layers may be subsequently patterned using the lithography process and then 

may be etched, followed by a silicon etch process, creating trench 80. 

[001217] As shown in Figs. 196D through 196F, this may be followed by a silicon 

oxidation step, which will grow silicon oxide films in trench 80 which will 

become insulating layer 26. In an exemplary 130 nm process, about 4000A 

silicon oxide may be grown. A chemical mechanical polishing step can then be 

performed to polish the resulting silicon oxide films so that the silicon oxide 

layer is flat relative to the silicon surface. In other embodiments the top of 

insulating layer 26 may have different height relative to the silicon surface. The 

silicon nitride layer 86 and the polysilicon layer 84 may then be removed which 

may then be followed by a wet etch process to remove silicon oxide layer 82 

(and a portion of the silicon oxide films formed in the area of former trench 80). 

Other process geometries like, for example, 250 nm, 180nm, 90 nm, 65 nm, etc., 

may be used. Similarly, other insulating layer materials, heights, and thicknesses 

as well as alternate sequences of processing steps may be used as a matter of 

design choice. 

[001218] As shown in Figs. 196G through 196I, an ion implantation step may then 

be performed to form the buried layer region 22 of a second conductivity (e.g. n­

type conductivity). The ion implantation energy is optimized such that the 

bottom of the buried layer region 22 is formed deeper than the bottom of the 

insulating layer 26. Buried layer 22 isolates the eventual floating body region 24 

of the first conductivity type (e.g., p-type) from the substrate 12. 

[001219] As shown in Figs. 196J through 196L, a silicon oxide or high-dielectric 

material gate insulation layer 62 may then be formed on the silicon surface (e.g. 

about lOOA in an exemplary 130 nm process), which may then be followed by a 

polysilicon or metal gate 60 deposition (e.g. about 500A in an exemplary 130 

nm process). 

[ 001220] As shown in Figs. 196M through 1960, a lithography step may then be 

performed to pattern the layers 62 and 60 to open the areas to become source 

line region 18. This may then be followed by etching of the polysilicon and 

silicon oxide layers. An ion implantation step may then be performed to form 
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the source line region 18 or a second conductivity (e.g. n-type conductivity). 

Other process geometries like, for example, 250 nm, 180nm, 90 nm, 65 nm, etc., 

may be used. Similarly, other gate and gate insulation materials with different 

thicknesses may be used a matter of design choice. 

[ 001221] As shown in Figs. 196P through 196R, another lithography step may then 

be performed to pattern the layers 62 and 60 to open the areas to become bit line 

region 16. This may then be followed by etching of the polysilicon and silicon 

oxide layers. An ion implantation step may then be performed to form the bit 

line region 16 or a second conductivity (e.g. n-type conductivity). Other process 

geometries like, for example, 250 nm, 180nm, 90 nm, 65 nm, etc., may be used. 

Similarly, other gate and gate insulation materials with different thicknesses may 

be used a matter of design choice. 

[001222] An alternative manufacturing process of cell 1350 is provided in Figs. 

197 A through 197R. The process sequence depicted in Figs. 197 A through 197R 

involves only one lithography patterning and etching sequence to define the 

floating gate 60 of the memory cell 1350. Therefore, this process sequence is 

compatible with the standard complementary metal-oxide-semiconductor 

(CMOS) process. The higher capacitive coupling between the source line region 

18 and the floating gate 60 is achieved through the extension of the floating gate 

60 into the area of source line region 18 as shown in the final structure of cell 

1350 in Figs. 197P through 197R. As will be observed, the width of the floating 

gate 60 extension into the source line region 18 is configured such that 

subsequent implant processes will result in a continuous channel region under 

the gate 60. Roizin cited above teaches an example of a CMOS-compatible 

process sequence to manufacture a floating gate non-volatile memory cell. 

[001223] The initial steps of the alternative process are similar to the sequence 

shown in Figs. 196A through 196C. Figs. 197A through 197C show the first 

steps of the process. In an exemplary 130 nanometer (nm) process a thin silicon 

oxide layer 82 with a thickness of about lOOA may be grown on the surface of 

substrate 12. This may be followed by a deposition of about 200A ofpolysilicon 

layer 84. This in tum may be followed by deposition of about 1200A silicon 

nitride layer 86. Other process geometries like, for example, 250 nm, 180nm, 90 

nm, 65 nm, etc., may be used. Similarly, other numbers of, thicknesses of, and 
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combinations of protective layers 82, 84 and 86 may be used as a matter of 

design choice. A pattern opening the areas to become trench 80 may be formed 

using a lithography process. Then the silicon oxide 82, polysilicon 84, silicon 

nitride 86 layers may be subsequently patterned using the lithography process 

and then may be etched, followed by a silicon etch process, creating trench 80. 

[001224] As shown in Figs. 197D through 197F, this may be followed by a silicon 

oxidation step, which will grow silicon oxide films in trench 80 which will 

become insulating layer 26. In an exemplary 130 nm process, about 4000A 

silicon oxide nay be grmvn. A chemical mechanical polishing step can then be 

performed to polish the resulting silicon oxide films so that the silicon oxide 

layer is flat relative to the silicon surface. In other embodiments the top of 

insulating layer 26 may have different height relative to the silicon surface. The 

silicon nitride layer 86 and the polysilicon layer 84 may then be removed which 

may then be followed by a wet etch process to remove silicon oxide layer 82 

(and a portion of the silicon oxide films formed in the area of former trench 80). 

Other process geometries like, for example, 250 nm, 180nm, 90 nm, 65 nm, etc., 

may be used. Similarly, other insulating layer materials, heights, and thicknesses 

as well as alternate sequences of processing steps may be used as a matter of 

design choice. 

[001225] As shown in Figs. 197G through 197I, an ion implantation step may then 

be performed to form the buried layer region 22 of a second conductivity (e.g. n­

type conductivity). The ion implantation energy is optimized such that the 

bottom of the buried layer region 22 is formed deeper than the bottom of the 

insulating layer 26. Buried layer 22 isolates the eventual floating body region 24 

of the first conductivity type (e.g., p-type) from the substrate 12. 

[001226] As shown in Figs. 197J through 197L, a silicon oxide or high-dielectric 

material gate insulation layer 62 may then be formed on the silicon surface (e.g. 

about lOOA in an exemplary 130 nm process), which may then be followed by a 

polysilicon or metal gate 60 deposition (e.g. about 500A in an exemplary 130 

nm process). Other process geometries like, for example, 250 nm, 180nm, 90 

nm, 65 nm, etc., may be used. Similarly, other gate and gate insulation materials 

with different thicknesses may be used a matter of design choice. 
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[ 00122 7] As shmvn in Figs. l 97M through 197 0, a lithography step may then be 

performed to pattern the layers 62 and 60 to open the areas to become bit line 

region 16 and source line region 18. Tiris may then be followed by etching of the 

polysilicon and silicon oxide layers. Contrazy to the previous process sequence 

shown in Figs. 196A through 196R, only one lithography and etch sequence is 

required as the areas of both bit line region 16 and source line region 18 are 

defined simultaneously. 

[001228] Figs. l 97P through l 97R show the subsequent ion implantation steps of a 

second conductivity type (e.g. n-type conductivity). In the area around the bit 

line region 16, because the floating gate region 60 is relatively long, the ion 

implant does not penetrate into the area under the floating gate 60 (see Fig. 

197Q). In the area around the source line region 18, because the floating gate 60 

region is relatively narrow, the ion implant will penetrate into the area under the 

floating gate 60, resulting in a continuous source line region 18 under the 

floating gate 60 (see Fig. l 97R). As a result, a metal-oxide-semiconductor 

(MOS) capacitor is formed in the floating gate 60 extension region into the 

source line region 18. 

[001229] Fig. 198 shows a cross section of an alternative embodiment of memory 

cell 13 50. The cell 13 50 is similar to that shown in Figs. l 86A or l 86B, with a 

gap region 17 formed near the area of bit line region 16. As a result, there is no 

overlap behveen the floating gate 60 and the bit line region 16. The operation of 

the cell 13 5 0 is similar to what has already been described in Figs. 187 through 

195. The volatile memory operation proceeds in the same manner, where the 

charge in the floating body 24 modulating the properties of cell 1350 during 

volatile operation. However, the efficiency of the shadowing process can be 

increased due to the presence of the gap 17. ''Optimization of a Source-Side­

Injection FAMOS Cell for Flash EPROM Applications", D.K.Y. Liu et al., pp. 

315-318, Technical Digest, International Electron Device Meeting 1991 ("Liu"), 

for example, describes an improvement of hot electron injection efficiency into a 

floating gate in a non-volatile memory cell. 

[001230] As described in Figs. 193A through 193C, the following bias conditions 

are applied to perform a shadowing operation: a positive voltage is applied to the 

SL terminal 72, zero voltage is applied to the BL terminal 7 4, zero or positive 
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voltage is applied to the BW terminal 7 6, and zero voltage is applied to the 

substrate terminal 78. 

[001231] In one particular non-limiting embodiment, about +6.0 volts is applied to 

the source line terminal 72, about 0.0 volts is applied to bit line terminal 7 4, 

about 0. 0 vol ts or + 1.2 volts is applied to BW terminal 7 6, and about 0. 0 vol ts is 

applied to substrate terminal 78. These voltage levels are exemplary only may 

vary from embodiment to embodiment as a matter of design choice. Thus the 

exemplary embodiments, features, bias levels, etc., described are not limiting in 

anyway. 

[001232] When floating body 24 has a positive charge/voltage, the MOS device 20 

and the bipolar device 30c are on, and electrons flow from the bit line region 16 

to the source line region 18 (in the direction of the arrow shown in Fig. 199A). 

Because of the gap 17 in the area of the bit line region 16, a large lateral electric 

field-which results from the voltage difference applied between the source line 

region 18 and bit line region 16-will be developed. This lateral electric field 

will energize/accelerate electrons traveling through the floating body 24 to a 

sufficient extent that they can ')ump over" the oxide barrier between floating 

body 24 and floating gate 60. A large vertical field-resulting from the potential 

difference between floating gate 60, which partly is due to the coupling from the 

source line region 18, and the surface 14-also exist. As a result, electrons enter 

floating gate 60 (as indicated by the arrow into floating gate 60 in Fig. 199A). 

Accordingly, :floating gate 60 becomes negatively charged by the shadowing 

process, when the volatile memory of cell 1350 is in logic-1 state (i.e., floating 

body 24 is positively charged), as shown in Fig. 199 A. 

[001233] Fig. 199B illustrates the cross section of cell 1350 during shadowing 

process when :floating body 24 is neutral. When floating body 24 is neutral, the 

MOS device 20 and the bipolar device 30c are off, and no electrons flow through 

the cell 1350. Accordingly, floating gate 60 retains its positive charge at the end 

of the shadowing process, when the volatile memory of cell 1350 is in logic-0 

state (i.e., floating body 24 is neutral), as shown in Fig. 199B. 

[001234] Upon the completion of the shadowing operation, the charge state of the 

floating gate 60 is complementary to that of the :floating body 24. Thus, if the 

floating body 24 of the memory cell 1350 has a positive charge in volatile 
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memory, the floating gate 60 vvill become negatively charged by the shadovving 

process, whereas if the floating body 24 of the memory cell 1350 has a negative 

or neutral charge in volatile memory, the floating gate layer 60 vvill be positively 

charged at the end of the shadovving operation. The charges/states of the floating 

gates 60 are determined non-algorithmically by the states of the floating bodies, 

and shadovving of multiple cells occurs in parallel, therefore the shadovving 

process is very fast. 

[001235] Figs. 200A-200C describe the restore operation when power is restored 

to cell 1350. The restore operation restores the state of the cell 1350 from the 

floating gate 60 into floating body region 24. Prior to the restore process, the 

floating bodies 24 are set to neutral state, which is the state of the :floating bodies 

when power is removed from the memory device 1350. To perform the restore 

process, the follovving bias conditions are applied: a positive voltage is applied 

to the SL terminal 72, zero or positive voltage is applied to the BW terminal 76, 

and zero voltage is applied to the substrate terminal 78, while the BL terminal 7 4 

is left floating. 

[001236] In one particular non-limiting embodiment, about +3.0 volts is applied to 

the source line terminal 72, about 0.0 volts or+ 1.2 volts is applied to BW 

terminal 76, and about 0.0 volts is applied to substrate terminal 78, while the bit 

line terminal 7 4 is left :floating. These voltage levels are exemplary only may 

vary from embodiment to embodiment as a matter of design choice. For 

example, a positive voltage can be applied to bit line terminal 7 4 to prevent any 

current flow through the channel region of cell 1350 during restore operation. 

Thus the exemplary embodiments, features, bias levels, etc., described are not 

limiting in any way. 

[001237] Fig. 200B illustrates the cross section of cell 1350 during a restore 

process when :floating gate 60 is negatively charged. The negative charge on the 

floating gate 60 and the positive voltage on SL terminal 72 create a strong 

electric field between the source line region 18 and the floating body region 24 

in the proximity of floating gate 60. This bends the energy band sharply upward 

near the gate and source line junction overlap region, causing electrons to tunnel 

from the valence band to the conduction band, leaving holes in the valence band. 

The electrons which tunnel across the energy band become the drain leakage 
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current, while the holes are injected into floating body region 24 and become the 

hole charge that creates the logic-1 state. This process is well known in the art as 

band-to-band tunneling or gate induced drain leakage (GIDL) mechanism and is 

illustrated in for example in Yoshida (specifically Figs. 2 and 6 on page 3 and 

Fig. 9 on page 4) cited above. The BL terminal 7 4 is left floating or a positive 

voltage is applied thereto to prevent current from flowing through the channel 

region of cell 1350, which may result in impact ionization in all cells 1350 when 

not prevented. 

[001238] Fig. 200C illustrates the cross section of cell 1350 during restore process 

when floating gate 60 is positively charged. The positive charge on the floating 

gate 60 and the bit line region 16 do not result in strong electric field to drive 

hole injection into the floating body 24. Consequently, the :floating body 24 will 

remain in neutral state. 

[001239] It can be seen that if :floating gate 60 has a positive charge after 

shadowing is performed, the volatile mem01y of floating body 24 will be 

restored to have a neutral charge (logic-0 state), but if the floating gate 60 has a 

negative charge, the volatile memory of floating body 24 will be restored to have 

a positive charge (logic-1 state), thereby restoring the original state of the 

floating body 24 prior to the shadowing operation. Note that this process occurs 

non-algorithmically, as the state of the :floating gate 60 does not have to be read, 

interpreted, or othenvise measured to determine what state to restore the floating 

body 24 to. Rather, the restoration process occurs automatically, driven by 

electrical potential differences. Accordingly, this process is orders of magnitude 

faster than one that requires algorithmic intervention. 

[001240] After restoring the memory cell(s) 1350, the floating gate(s) 60 is/are 

reset to a predetermined state, e.g., a positive state, so that each floating gate 60 

has a known state prior to performing another shadowing operation. The reset 

process operates by the mechanism of band-to-band tunneling hole injection to 

the floating gate(s) 60, as illustrated in Fig. 201. 

[001241] The reset mechanism follows a similar mechanism as the restore process. 

A negatively charged floating gate 60 will result in an electric field generating 

hot holes. The majority of the resulting hot holes are injected into the floating 

body 24 and a smaller portion will be injected into the floating gate 60. The hole 
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injection vvill only occur in cells 1350 vvith negatively charged floating gate 60. 

As a result, all floating gates 60 vvill be initialized to have a positive charge by 

the end of the reset process. 

[001242] In one particular non-limiting embodiment, about +3.0 volts is applied to 

the source line terminal 72, about 0.0 volts or+ 1.2 volts is applied to BW 

terminal 76, and about 0.0 volts is applied to substrate terminal 78, while the bit 

line terminal 7 4 is left :floating. These voltage levels are exemplazy only may 

vazy from embodiment to embodiment as a matter of design choice. Thus the 

exemplazy embodiments, features, bias levels, etc., described are not limiting in 

any way. The bias condition is similar to that of the restore operation. However, 

because the amount of holes injected into the floating gate 60 is a smaller portion 

than those injected into the floating body 24, the reset operation proceeds more 

slowly than the restore operation. A negative voltage can also be applied to the 

buried well terminal 76 to ensure that no holes are accumulated in mem01y cells 

1350 vvith positively charged floating gate 60, while a positive voltage can also 

be applied to the bit line terminal 7 4 to prevent current to flow through the 

channel region of cell 1350. 

[001243] Fig. 202 illustrates a cross-sectional view of memory cell 1450 according 

to another embodiment of the present invention. Memory cell 1450 includes a 

substrate 112 of a first conductivity type such as p-type, for example. Substrate 

112 is typically made of silicon, but may also comprise, for example, 

germanium, silicon germanium, gallium arsenide, carbon nanotubes, or other 

semiconductor materials. In some embodiments of the invention, substrate 112 

can be the bulk material of the semiconductor wafer. In other embodiments, 

substrate 112 can be a well of the first conductivity type embedded in either a 

well of the second conductivity type or, alternatively, in the bulk of the 

semiconductor wafer of the second conductivity type, such as n-type, for 

example, (not shown in the figures) as a matter of design choice. To simplify the 

description, the substrate 112 vvill usually be drawn as the semiconductor bulk 

material as it is in Fig. 202. 

[001244] A buried layer 122 of a second conductivity type such as n-type, for 

example, is provided in the substrate 112. Buried layer 122 may be formed by an 
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ion implantation process on the material of substrate 112. Alternatively, buried 

layer 122 can also be grmvn epitaxially on top of substrate 112. 

[001245] A floating body region 124 of the first conductivity type, such asp-type, 

for example, is bounded on top by bit line region 116, source line region 118, 

and insulating layers 162 and 166, on the sides by insulating layers 126, and on 

the bottom by buried layer 122. Floating body 124 may be the portion of the 

original substrate 112 above buried layer 122 if buried layer 122 is implanted. 

Alternatively, floating body 124 may be epitaxially grmvn. Depending on how 

buried layer 122 and floating body 124 are formed, floating body 124 may have 

the same doping as substrate 112 in some embodiments or a different doping, if 

desired in other embodiments, as a matter of design choice. 

[001246] Insulating layers 126 (like, for example, shallow trench isolation (STI)), 

may be made of silicon oxide, for example, though other insulating materials 

may be used. Insulating layers 126 insulate cell 1450 from neighboring cells 

1450 when multiple cells 1450 are joined in an array 1480 to make a memory 

device. The bottom of insulating layer 126 may reside inside the buried region 

122 allowing buried region 122 to be continuous as shown in Fig. 202A. 

Alternatively, the bottom of insulating layer 126 may reside below the buried 

region 22 as shown in Fig. 202B. This requires a shallower insulating layer 128, 

which insulates the floating body region 124, but allows the buried layer 122 to 

be continuous in the perpendicular direction of the cross-sectional view shown in 

Fig. 202B. For simplicity, only memory cell 1450 with continuous buried region 

122 in all directions will be shown from hereon. 

[001247] A bit line region 116 having a second conductivity type, such as n-type, 

for example, is provided in floating body region 124 and is exposed at surface 

114. Bit line region 116 is formed by an implantation process formed on the 

material making up substrate 112, according to any implantation process known 

and typically used in the art. Alternatively, a solid state diffusion process could 

be used to form bit line region 116. 

[001248] A source line region 118 having a second conductivity type, such as n-

type, for example, is also provided in floating body region 124 and is exposed at 

surface 114. Source line region 118 is formed by an implantation process formed 

on the material making up substrate 112, according to any implantation process 
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knmvn and typically used in the art. Alternatively, a solid state diffusion process 

could be used to form bit line region 118. 

[001249] Memory cell 1450 is asymmetric in that the area of source line region 

118 is larger than that of bit line region 116. The larger source line region 118 

results in a higher coupling between the source line region 118 and floating gate 

160, compared to ifthe area of the source line region 118 is about the same as 

that of the bit line region 116. 

[001250] A floating gate 160 is positioned in between the source line region 118 

and the insulating gap region 168, and above the :floating body region 124. The 

floating gate 160 is insulated from floating body region 124 by an insulating 

layer 162. Insulating layer 162 may be made of silicon oxide and/or other 

dielectric materials, including high-K dielectric materials, such as, but not 

limited to, tantalum peroxide, titanium oxide, zirconium oxide, hafuium oxide, 

and/or aluminum oxide. The floating gate 160 may be made of, for example, 

polysilicon material or metal gate electrode, such as tungsten, tantalum, titanium 

and their nitrides. 

[001251] A select gate 164 is positioned in between the bit line region 116 and the 

insulating gap region 168, and above the floating body region 124. The select 

gate 164 is insulated from floating body region 124 by an insulating layer 166. 

Insulating layer 166 may be made of silicon oxide and/or other dielectric 

materials, including high-K dielectric materials, such as, but not limited to, 

tantalum peroxide, titanium oxide, zirconium oxide, hafuium oxide, and/or 

aluminum oxide. The select gate 164 may be made of, for example, polysilicon 

material or metal gate electrode, such as tungsten, tantalum, titanium and their 

nitrides. 

[001252] Cell 1450 is another example of single polysilicon floating gate memory 

cell because both select gate 164 and floating gate 160 may be formed in a single 

polysilicon deposition step during fabrication process, along vvith the formation 

oflogic transistors gate. The formation of the gap 168 may require additional 

processing steps as the dimension of the gap is typically smaller than what can 

be resolved by lithography tools. 

[001253] Cell 1450 includes several terminals: word line (WL) terminal 170 

electrically coilllected to select gate 164, bit line (BL) terminal 17 4 electrically 
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connected to bit line region 116, source line (SL) terminal 172 electrically 

connected to source line region 118, buried well (HW) terminal 176 electrically 

connected to buried layer 122, and substrate terminal 178 electrically coJlllected 

to substrate 112. There is no electrical coJlllection to :floating gate 160. As a 

result, :floating gate 160 is floating and is used as the non-volatile storage region. 

[001254] Fig. 203 illustrates the equivalent circuit representation of memory cell 

1450. Inherent in memory cell 1450 are metal-oxide-semiconductor (MOS) 

transistor 120a in series with MOS transistor 120b, formed by bit line region 

116, select gate 164, :floating gate 160, source line region 118, and floating body 

region 124. Select gate 164 and :floating gate 160 control the chaIUlel region of 

cell 1450 underneath the respective gates. Also present in memory cell 1450 are 

bipolar devices 130a and 130b, formed by buried well region 122, :floating body 

region 124, and bit line region 116 or source line region 118, respectively. 

[001255] Fig. 204 illustrates an exemplary memory array 1480 of memory cells 

1450 (four exemplary instances of memory cell 1450 being labeled as 1450a, 

1450b, 1450c and 1450d) arranged in rows and columns. In many, but not 

necessarily all, of the figures where exemplary array 1480 appears, 

representative memory cell 1450a will be representative of a "selected" memory 

cell 1450 when the operation being described has one (or more in some 

embodiments) selected memory cells 1450. In such figures, representative 

memory cell 1450b will be representative of an unselected memory cell 1450 

sharing the same row as selected representative memory cell 1450a, 

representative memory cell 1450c will be representative of an unselected 

memory cell 1450 sharing the same column as selected representative memory 

cell 1450a, and representative memory cell 1450d will be representative of a 

memory cell 1450 sharing neither a row or a column with selected representative 

memory cell 1450a. 

[001256] Present in Fig. 204 are word lines 170a through 170n, source lines 172a 

through 172n, bit lines 17 4a through 17 4p, buried well terminals 176a through 

176n, and substrate terminal 178. Each of the word lines 1 70a through 1 7 On and 

source lines 172a through 172n is associated with a single row of memory cells 

1450 and is coupled to the select gate 164 and source line region 118 of each 

memory cell 1450 in that row, respectively. Each of the bit lines 174a through 
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l 74p is associated vvith a single column of mem01y cells 1450 and is coupled to 

the bit line region 116 of each memory cell 1450 in that column. 

[001257] Substrate 112 is present at all locations under array 1480. Persons of 

ordinary skill in the art vvill appreciate that one or more substrate terminals 178 

may be present in one or more locations as a matter of design choice. Such 

skilled persons vvill also appreciate that while exemplary array 1480 is shown as 

a single continuous array in Fig. 204, that many other organizations and layouts 

are possible, For example, word lines may be segmented or buffered, bit lines 

may be segmented or buffered, source lines may be segmented or buffered, the 

array 1480 may be broken into two or more sub-arrays, and/or control circuits 

such as word decoders, column decoders, segmentation devices, sense 

amplifiers, write amplifiers may be arrayed around exemplary array 1480 or 

inserted between sub-arrays of array 1480. Thus the exemplary embodiments, 

features, design options, etc., described are not limiting in any way. 

[001258] The operation of memory device 1450 is similar to that of memory 

device 1350 shown in Fig. 187. At event 102, when power is first applied to the 

memory device, the memory device is placed in an initial state, where the 

nonvolatile memory portion of the device is set to a predetermined state. At 

event 104, the memory device 1450 operates in the volatile operational mode, 

where the state of the cell 1450 is stored in the floating body 124. During power 

shutdown, or when power is inadvertently lost, or any other event that 

discontinues or upsets power to the memory device 1450, the content of the 

volatile memory is "shadowed" into the non-volatile memory portion at event 

106. At this time, the memory device retains the stored data in the nonvolatile 

memory. Upon restoring power at event 108, the content of the nonvolatile 

memory is "restored" by transferring the content of the nonvolatile memory to 

the volatile memory, followed by resetting the memory device at event 110. 

[001259] In one embodiment, the non-volatile memory (e.g. the floating gate 160) 

is initialized to have a positive charge at event 102. \Vhen power is applied to 

cell 1450, cell 1450 stores the memory information (i.e. data that is stored in 

memory) as charge in the floating body 124 of the memory device 1450. The 

presence of the electrical charge in the :floating body 124 modulates the current 

flow through the memory device 1450 (from the BL terminal 174 to the SL 

283 

efiling
Rectangle



WO 2011/097592 PCT /US2011/02394 7 

Atty. Docket: ZEN0-012WO 

terminal 172). The current flmving through the memory device 1450 can be used 

to determine the state of the cell 1450. Because the non-volatile memory element 

(e.g. the floating gate 160) is initialized to have a positive charge, any cell 

current differences are attributed to the differences in charge of the floating body 

124. 

[001260] Several operations can be performed to memory cell 1450 during volatile 

mode: holding, read, write logic-1 and write logic-0 operations. 

[001261] Fig. 205 shows the holding operation on memory array 1480, which 

consists of a plurality of memory cells 1450. The holding operation is performed 

by applying a positive back bias to the BW terminal 176, and zero bias on the 

WL terminal 170, SL terminal 172, BL terminal 174, and the substrate terminal 

178. The positive back bias applied to the buried layer region connected to the 

BW terminal will maintain the state of the memory cell 1450 that it is connected 

to. 

[001262] From the equivalent circuit representation of memory cell 1450 shown in 

Fig. 203, inherent in the memory cell 1450 is n-p-n bipolar devices l 30a and 

130b formed by buried well region 122 (the collector region), floating body 124 

(the base region), and bit line region 116 or source line region 118 (the emitter 

region), respectively. 

[001263] The principle of the holding operation for cell 1450 is similar to that of 

cell 1350. If floating body 124 is positively charged, a state corresponding to 

logic-1, the bipolar transistors 130a and 130b will be turned on as the positive 

charge in the floating body region lowers the energy barrier of electron flow into 

the base region. Once injected into the floating body region 124, the electrons 

will be swept into the buried well region 122 (connected to BW terminal 176) 

due to the positive bias applied to the buried well region 122. As a result of the 

positive bias, the electrons are accelerated and create additional hot carriers (hot 

hole and hot electron pairs) through an impact ionization mechanism. The 

resulting hot electrons flow into the BW terminal 176 while the resulting hot 

holes will subsequently flow into the floating body region 124. This process 

restores the charge on floating body 124 and will maintain the charge stored in 

the floating body region 124 which will keep the n-p-n bipolar transistors 130a 
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and 130b on for as long as a positive bias is applied to the buried well region 122 

through BW terminal 176. 

[001264] If floating body 124 is neutrally charged (the voltage on :floating body 

124 being equal to the voltage on grounded bit line region 116 or source line 

region 118), a state corresponding to logic-0, no current will flow through the n­

p-n transistors 130a and 130b. The bipolar devices 130a and 130b will remain 

off and no impact ionization occurs. Consequently memory cells in the logic-0 

state will remain in the logic-0 state. 

[001265] In the holding operation described in Fig. 205, there is no individually 

selected mem01y cell. Rather cells are selected in rows by the buried well 

terminals 17 6a through 17 6n and may be selected as individual rows, as multiple 

rows, or as all of the rows comprising array 1480. 

[001266] In one embodiment the bias conditions for the holding operation for 

memory cell 1450 are: 0 volts is applied to WL terminal 170, SL terminal 172, 

BL terminal 17 4, and substrate terminal 178, and a positive voltage like, for 

example,+ 1.2 volts is applied to BW terminal 176. In other embodiments, 

different voltages may be applied to the various terminals of memory cell 1450 

as a matter of design choice and the exemplary voltages described are not 

limiting in any way. 

[001267] Fig. 206 illustrates a read operation performed on selected memory cell 

1450a. The read operation may be performed by applying the following bias 

conditions: a positive bias is applied to the selected WL terminal 170a, a 

positive voltage is applied to the selected BL terminal 17 4a, zero voltage is 

applied to the SL terminals 172, a positive voltage is applied to the BW 

terminals 176, and zero voltage is applied to the substrate terminal 178. 

[001268] In one exemplary embodiment, about+ 1.2 volts is applied to the selected 

WL terminal 170a, about 0.0 volts is applied to the selected SL terminal 172a, 

about +0.4 volts is applied to the selected bit line terminal 17 4a, about+ 1.2 volts 

is applied to the selected buried well terminal 17 6, and about 0.0 volts is applied 

to substrate terminal 178. All unselected word line terminals 170b through 170n 

have 0.0 volts applied, bit line terminals 17 4b through 17 4p have 0.0 volts 

applied, the unselected SL terminals 172b through 172p have 0.0 volts applied, 

while the unselected BW terminals 17 6b through 17 6n can be grounded or have 
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+ 1.2 volts applied to maintain the states of the unselected cells 1450, and 0.0 

volts is applied to the substrate terminal 178. Fig. 206 shows the bias conditions 

for the selected representative memory cell 1450a and three unselected 

representative mem01y cells 1450b, 1450c, and 1450d in memory array 1480, 

each of which has a unique bias condition. Persons of ordinary skill in the art 

will appreciate that other embodiments of the invention may employ other 

combinations of applied bias voltages as a matter of design choice. Such skilled 

persons will also realize that the first and second conductivity types may be 

reversed and the relative bias voltages may be inverted in other embodiments. 

[001269] If the floating body region 124 of the selected cell 1450a is positively 

charged (i.e. the cell 1450a is in logic-1 state), the threshold voltage of the MOS 

transistor 120a and 120b of selected cell 1450a will be lower (compared to ifthe 

floating body region 124 is neutral), and a higher current will flow from the bit 

line region 116 to the source line region 118 of the selected cell 1450a. Because 

the floating gate 160 is positively charged during volatile operation, the observed 

cell current difference between cells in logic-0 and logic-1 states will originate 

from the difference in the potential of the floating body 124. 

[0012 70] For memory cells sharing the same row as the selected memory cell (e.g. 

cell 1450b), both the BL and SL terminals are grounded and no current will flow 

through. These cells will be at the holding mode with a positive voltage applied 

to the BW terminal 176. 

[001271] For memory cells sharing the same column as the selected memory cell 

(e.g. cell 1450c), the zero voltage applied to the unselected WL terminal will 

turn off the MOS transistor 120a of these cells. Consequently, no current will 

flow through. A smaller holding current will flow through these cells because of 

the smaller difference between the BW terminal 17 6 and the BL terminal 17 4. 

However, because write operation is accomplished much faster (on the order of 

nanoseconds) compared to the lifetime of the charge in the floating body 124 (on 

the order of milliseconds), it should cause little disruption to the charge stored in 

the floating body. 

[001272] For memory cells sharing neither the same row nor the same column as 

the selected memory cell (e.g. cell 1450d), the WL, BL, and SL terminals are 

grounded. These cells will be at the holding mode, where memory cells in state 
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logic-1 vvill maintain the charge in floating body 124 while memory cells in state 

logic-0 vvill remain in neutral state. 

[001273] A write logic-0 operation of an individual memory cell 1450 is now 

described with reference to Figs. 207 A through 207C. In Fig. 207 A, a negative 

voltage bias is applied to the selected SL terminal 172 (i.e., 172a in Fig. 207 A), a 

zero voltage bias is applied to WL terminal 170 and BL terminal 17 4, zero or 

positive voltage is applied to the selected BW terminal 176 and zero voltage is 

applied to the substrate terminal 178. Under these conditions, the p-n junction 

behveen floating body 124 and source line region 118 of the selected cell 1450 is 

forward-biased, evacuating any holes from the floating body 124. Because the 

SL terminal 172 is shared among multiple memory cells 1450, logic-0 will be 

written into all memory cells 1450 including memory cells 1450a and 1450b 

sharing the same SL terminal 172a simultaneously. 

[001274] In one particular non-limiting embodiment, about -1.2 volts is applied to 

the selected source line terminal 172, about 0.0 volts is applied to word line 

terminal 170 and bit line terminal 17 4, about 0.0 volts or+ 1.2 volts is applied to 

BW terminal 176, and about 0.0 volts is applied to substrate terminal 178. These 

voltage levels are exemplazy only may vazy from embodiment to embodiment as 

a matter of design choice. Thus the exemplazy embodiments, features, bias 

levels, etc., described are not limiting in any way. 

[ 0012 75] In Fig. 207B, a negative voltage bias is applied to the selected BL 

terminal 17 4 (i.e., 17 4a in Fig. 207B), a zero voltage bias is applied to WL 

terminal 170 and SL terminal 172, zero or positive voltage is applied to the 

selected BW terminal 176 and zero voltage is applied to the substrate terminal 

178. Under these conditions, the p-njunction behveen :floating body 124 and bit 

line region 116 of the selected cell 1450 is forward-biased, evacuating any holes 

from the floating body 124. Because the BL terminal 17 4 is shared among 

multiple memory cells 1450 in mem01y array 1480, logic-0 will be written into 

all memory cells 1450 including memory cells 1450a and 1450c sharing the 

same BL terminal 17 4a simultaneously. 

[001276] In one particular non-limiting embodiment, about -1.2 volts is applied to 

the selected bit line terminal 17 4, about 0.0 volts is applied to word line terminal 

170 and source line terminal 172, about 0.0 volts or+ 1.2 volts is applied to BW 
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terminal 176, and about 0.0 volts is applied to substrate terminal 178. These 

voltage levels are exemplazy only may vazy from embodiment to embodiment as 

a matter of design choice. Thus the exemplazy embodiments, features, bias 

levels, etc., described are not limiting in any way. 

[001277] Both write logic-0 operations referred to above have a drawback that all 

memory cells 1450 sharing either the same SL terminal 172 (the first type -row 

write logic-0) or the same BL terminal 174 will (the second type - column write 

logic-0) are written to simultaneously and as a result, do not allow writing logic-

0 to individual memory cells 1450. To write arbitrazy binazy data to different 

memory cells 1450, a write logic-0 operation is first performed on all the 

memory cells to be written followed by one or more write logic-1 operations on 

the bits that must be written to logic-1. 

[001278] A third type of write logic-0 operation that allows for individual bit 

writing is illustrated in Fig. 207C and can be performed on memory cell 1450 by 

applying a positive voltage to WL terminal 170, a negative voltage to the 

selected BL terminal 174, zero voltage to SL terminal 172, zero or positive 

voltage to BW terminal 176, and zero voltage to substrate terminal 1 78. Under 

these conditions, the :floating body 124 potential will increase through capacitive 

coupling from the positive voltage applied to the selected WL terminal 170. As a 

result of the floating body 124 potential increase and the negative voltage 

applied to the selected BL terminal 174, the p-njunction between 124 and bit 

line region 116 is forward-biased, evacuating any holes from the floating 

body 124. 

[001279] To reduce undesired write logic-0 disturb to other memory cells 1450 in 

the mem01y array 1480, the applied potential can be optimized as follows: ifthe 

floating body 124 potential of state logic-1 is referred to as V FB 1, then the 

voltage applied to the WL terminal 1 70 is configured to increase the floating 

body 124 potential by VFB 1/2 while -VFB 1/2 is applied to BL terminal 174. 

Additionally, either ground or a slightly positive voltage may also be applied to 

the BL terminals 174 of unselected memory cells 1450 that do not share the 

same BL terminal 17 4 as the selected memory cell 1450, while a negative 

voltage may also be applied to the WL terminals 170 of unselected mem01y cells 
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1450 that do not share the same WL terminal 170 as the selected memory cell 

1450. 

[001280] As illustrated in Fig. 207C, the follmving bias conditions are applied to 

the selected representative mem01y cell l 450a in exemplary memory array 1480 

to perform an individual write logic-0 operation exclusively in representative 

memory cell l 450a: a potential of about 0.0 volts to SL terminal l 72a, a 

potential of about -0.2 volts to BL terminal 17 4a, a potential of about+ 1.2 volts 

is applied to word line terminal l 70a, a potential of about+ 1.2 volts is applied to 

buried well terminal l 76a, and about 0.0 volts is applied to substrate terminal 

178. In the rest of array 1480, about 0.0 volts is applied to unselected WL 

terminals (including WL terminals l 70b and l 70n), about 0.0 volts (or possibly a 

slightly higher positive voltage) is applied to unselected BL terminals 174 

(including BL terminal 17 4b and 17 4p ), about 0.0 volts is applied to unselected 

SL terminals 172 (including SL terminal l 72b and l 72n), and about+ 1.2 volts is 

applied to unselected BW terminals 176 (including BW terminal l 76b and 

17 6n). Persons of ordinary skill in the art will appreciate that the voltage levels 

in Fig. 207C are illustrative only and that different embodiments will have 

different voltage levels as a matter of design choice. 

[001281] A write logic-1 operation may be performed on memory cell 1450 

through impact ionization as described, for example in "AN ew 1 T DRAM Cell 

with Enhanced Floating Body Effect", Lin and Chang, pp. 23-27, IEEE 

International Workshop on Memory Technology, Design, and Testing, 2006, 

("Lin") which is hereby incorporated herein, in its entirety, by reference thereto, 

or through a band-to-band tunneling mechanism (also known as Gate Induced 

Drain Leakage or GIDL), as described, for example with reference to Yoshida 

cited above. An example of a write logic-1 operation using the GIDL method is 

described in conjunction with Fig. 208A while an example of a write logic-1 

operation using the impact ionization method is described in conjunction with 

Fig. 208B. 

[001282] In Fig. 208A, an example of the bias conditions of the array 1480 

including selected representative memory cell 1450a during a band-to-band 

tunneling write logic-1 operation is shown. The negative bias applied to the WL 

terminal l 70a and the positive bias applied to the BL terminal 17 4a results in 
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hole injection to the floating body 124 of the selected representative memory cell 

1450a. The SL terminal 172a and the substrate terminal 178 are grounded during 

the write logic-1 operation while a positive bias is applied to the BW terminal 

17 6a to maintain holding operation to the unselected cells. 

[001283] The negative voltage on WL terminal 170 couples the voltage potential 

of the floating body region 124 in representative memory cell 1450a downward. 

This combined with the positive voltage on BL terminal 17 4a creates a strong 

electric field between the bit line region 116 and the floating body region 124 in 

the proximity of gate 160 (hence the "gate induced" portion of GIDL) in selected 

representative mem01y cell 1450a. This bends the energy bands sharply upward 

near the gate and drain junction overlap region, causing electrons to tunnel from 

the valence band to the conduction band, leaving holes in the valence band. The 

electrons which tunnel across the energy band become the drain leakage current 

(hence the "drain leakage" portion of GIDL), while the holes are injected into 

floating body region 124 and become the hole charge that creates the logic-1 

state. This process is well known in the art and is illustrated in Yoshida 

(specifically Figs. 2 and 6 on page 3 and Fig. 9 on page 4) cited above. 

[001284] In one particular non-limiting embodiment, about -1.2 volts is applied to 

word line terminal 17 Oa, about + 1. 2 volts is applied to bit line terminal 174a, 

about 0.0 volts is applied to source line terminal 172a, about 0.0 volts or+ 1.2 

volts is applied to BW terminal 176, and about 0.0 volts is applied to substrate 

terminal 178. These voltage levels are exemplazy only may vazy from 

embodiment to embodiment as a matter of design choice. Thus the exemplazy 

embodiments, features, bias levels, etc., described are not limiting in any way. 

[001285] Fig. 208B shows a write logic-1 operation using the impact ionization 

method. In this case, both the gate 160 and bit line 116 of the memory cell 1450 

to be written are biased at a positive voltage. This causes impact ionization 

current to flow charging the floating body 124 to the logic-1 state regardless of 

the data originally stored in the cell. 

[001286] In the exemplazy embodiment shown in Fig. 208B, the selected word line 

terminal 170a is biased at about+ 1.2V while the unselected word line terminals 

1 7 Ob through 1 7 On are biased at about 0. OV, the selected bit line terminal 17 4a is 

also biased at about+ 1.2V while the unselected bit line terminals 17 4b through 
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l 74p are biased at about O.OV, the selected source line l 72a is biased at about 

0. OV, the buried well terminals 17 6 are biased at about 0. OV or + 1. 2V (to 

maintain the states of the unselected cells), and the substrate terminal 178 is 

biased at about O.OV. These voltage bias levels are exemplary only and will vary 

from embodiment to embodiment and are thus in no way limiting. 

[001287] The following bias conditions to perform a shadowing operation are 

illustrated in Fig. 209: a positive voltage is applied to the selected SL terminal 

172, a positive voltage is applied to the selected WL terminal 170, zero voltage 

is applied to the selected BL terminal 17 4, zero or positive voltage is applied to 

the BW terminal 17 6, and zero voltage is applied to the substrate terminal 1 78. 

[001288] In one particular non-limiting embodiment, about +6.0 volts is applied to 

the source line terminal 172, about+ 1.2 volts is applied to WL terminal 170, 

about 0.0 volts is applied to bit line terminal 17 4, about 0.0 volts or+ 1.2 volts is 

applied to BW terminal 176, and about 0.0 volts is applied to substrate terminal 

178. These voltage levels are exemplary only may vary from embodiment to 

embodiment as a matter of design choice. Thus the exemplary embodiments, 

features, bias levels, etc., described are not limiting in any way. 

[001289] Fig. 210A shows a cross section of the memory cell when floating body 

124 is positively charged during a shadowing operation. When floating body 124 

has a positive charge/voltage, the MOS device 120a is turned on. The surface 

potential under the MOS device 120a will be equal to the smaller of the voltage 

applied to the BL terminal 17 4 and the difference between the gate voltage 

applied to the WL terminal 170 and the threshold voltage of the MOS device 

120a. The positive voltage applied to the source line 118 (through the SL 

terminal 172) will be capacitively coupled to the floating gate 160. As a result, 

the surface potential under the MOS device 120b will increase and depending on 

the positive charge stored in the floating gate 160, will be close to the potential 

applied to the source line region 118. Consequently, a strong lateral electric field 

will be developed around the gap region 168. This lateral electric field will 

energize/accelerate electrons traveling from the bit line region 116 to the source 

line region 118 (both the MOS devices 120a and 120b are turned on) to a 

sufficient extent that they can ')ump over" the oxide barrier between floating 

body 124 and floating gate 160. A large vertical field-resulting from the 
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potential difference behveen :floating gate 160, which is due partly to the 

coupling from the source line region 118, and the surface 114-als o exist. As a 

result, electrons enter floating gate 160 (as indicated by the arrow into floating 

gate 160 in Fig. 210A). Accordingly, floating gate 160 becomes negatively 

charged by the shadowing process, when the volatile memory of cell 1450 is in 

logic-1 state (i.e., floating body 124 is positively charged), as shmvn in Fig. 

210A. 

[001290] Fig. 210B illustrates a cross section ofcell 1450 during a shadowing 

process when :floating body 124 is neutral. \Vhen floating body 124 is neutral, 

the threshold voltage of the MOS device 120a is higher (compared to when the 

floating body 124 is positively charged) and the MOS device 120a is turned off. 

Therefore, no electrons flow through the cell 1450. Accordingly, floating gate 

160 retains its positive charge at the end of the shadowing process, when the 

volatile memory of cell 1450 is in logic-0 state (i.e., floating body 124 is 

neutral), as shown in Fig. 210B. 

[001291] Upon the completion of the shadowing operation, the charge state of the 

floating gate 160 is complementary to that of the floating body 124. Thus, ifthe 

floating body 124 of the memory cell 1450 has a positive charge in volatile 

memory, the floating gate 160 will become negatively charged by the shadowing 

process, whereas ifthe floating body 124 of the memory cell 1450 has a negative 

or neutral charge in volatile memory, the floating gate layer 160 will be 

positively charged at the end of the shadowing operation. The charges/states of 

the floating gates 160 are determined non-algorithmically by the states of the 

floating bodies, and shadowing of multiple cells occurs in parallel, therefore the 

shadowing process is very fast. 

[001292] Fig. 211 describes a restore operation when power is restored to cell 

1450. The restore operation restores the state of the cell 1450 from the floating 

gate 160 into floating body region 124. Prior to the restore process, the floating 

bodies 124 are set to neutral state, which is the state of the floating bodies when 

power is removed from the memory device 1450. To perform the restore 

process, the following bias conditions are applied: a positive voltage is applied 

to the SL terminal 172, zero voltage is applied to the WL terminal 170 and BL 
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terminal 17 4, zero or positive voltage is applied to the BW terminal 176, and 

zero voltage is applied to the substrate terminal 178. 

[001293] In one particular non-limiting embodiment, about+ 1.2 volts is applied to 

the source line terminal 172, about 0.0 volts is applied to the word line terminal 

170 and bit line terminal 17 4, about 0.0 volts or+ 1.2 volts is applied to BW 

terminal 176, and about 0.0 volts is applied to substrate terminal 178. These 

voltage levels are exemplazy only may vazy from embodiment to embodiment as 

a matter of design choice. For example, a positive voltage can be applied to bit 

line terminal 17 4 or a negative voltage can be applied to word line 170 to ensure 

that no current flows through the channel region of cell 1450 during restore 

operation. Thus the exemplazy embodiments, features, bias levels, etc., described 

are not limiting in any way. 

[001294] Fig. 212A illustrates a cross section of cell 1450 during a restore process 

when floating gate 160 is negatively charged. The negative charge on the 

floating gate 160 and the positive voltage on SL terminal 172 create a strong 

electric field between the source line region 118 and the floating body region 

124 in the proximity of floating gate 160. This bends the energy band sharply 

upward near the gate and source line junction overlap region, causing electrons 

to tunnel from the valence band to the conduction band, leaving holes in the 

valence band. The electrons which tunnel across the energy band become the 

drain leakage current, while the holes are injected into floating body region 124 

and become the hole charge that creates the logic-1 state. This process is well 

known in the art as band-to-band tunneling or gate induced drain leakage 

(GIDL) mechanism and is illustrated in for example in Yoshida (specifically 

Figs. 2 and 6 on page 3 and Fig. 9 on page 4) cited above. The BL terminal 17 4 

is grounded or applied a positive voltage to prevent current to flow through the 

channel region of cell 1450. 

[001295] Fig. 212B illustrates a cross section of cell 1450 during a restore process 

when floating gate 160 is positively charged. The positive charge on the :floating 

gate 160 and the source line region 118 do not result in strong electric field to 

drive hole injection into the floating body 124. Consequently, the floating body 

124 will remain in neutral state. 
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[001296] It can be seen that if floating gate 160 has a positive charge after 

shadmving is performed, the volatile mem01y of floating body 124 vvill be 

restored to have a neutral charge (logic-0 state), but if the floating gate 160 has a 

negative charge, the volatile memory of floating body 124 vvill be restored to 

have a positive charge (logic-1 state), thereby restoring the original state of the 

floating body 124 prior to the shadmving operation. Note that this process occurs 

non-algorithmically, as the state of the :floating gate 160 does not have to be 

read, interpreted, or otherwise measured to determine what state to restore the 

floating body 124 to. Rather, the restoration process occurs automatically, 

driven by electrical potential differences. Accordingly, this process is orders of 

magnitude faster than one that requires algorithmic intervention. 

[001297] After restoring the memory cell(s) 1450, the floating gate(s) 160 is/are 

reset to a predetermined state, e.g., a positive state as illustrated in Figs. 213A 

and 2 l 3B, so that each floating gate 160 has a known state prior to performing 

another shadowing operation. The reset process operates by the mechanism of 

band-to-band tunneling hole injection to the :floating gate(s) 160, as illustrated in 

Fig. 213A, or by electron tunneling from the floating gate(s) 160 as illustrated in 

Fig. 213B. 

[001298] The reset mechanism illustrated in Fig. 213A follows a similar 

mechanism as the restore process. A negatively charged floating gate 160 vvill 

result in an electric field generating hot holes. The majority of the resulting hot 

holes are injected into the :floating body 124 and a smaller portion vvill be 

injected into the :floating gate 160. A higher potential can be applied to the SL 

terminal 172 to increase the speed of the reset operation if desired. The hole 

injection will only occur in cells 1450 with negatively charged floating gate 160. 

As a result, all floating gates 160 vvill be initialized to have a positive charge by 

the end of the reset process. 

[001299] In one particular non-limiting embodiment (see Fig. 213A), about +3.0 

volts is applied to the source line terminal 172, about 0.0 volts is applied to word 

line terminal 170 and bit line terminal 17 4, about 0.0 volts or+ 1.2 volts is 

applied to BW terminal 176, and about 0.0 volts is applied to substrate terminal 

178. These voltage levels are exemplary only may vary from embodiment to 

embodiment as a matter of design choice. Thus the exemplary embodiments, 
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features, bias levels, etc., described are not limiting in any way. The bias 

condition is similar to that of the restore operation. However, because the 

amount of holes injected into the floating gate 160 is smaller than the amount 

injected into the :floating body 124, the reset operation proceeds more slowly 

than the restore operation. A negative voltage can also be applied to the buried 

well terminal 176 to ensure that no holes are accumulated in memory cells 1450 

with positively charged floating gate 160, while a positive voltage can also be 

applied to the bit line terminal 17 4 to prevent current to flow through the channel 

region of cell 1450. 

[001300] Fig. 213B illustrates a reset operation by means of electron tunneling 

from the floating gate 160 to the select gate 164. A positive voltage is applied to 

the WL terminal 170, while zero voltage is applied to the BL terminal 17 4 and 

SL terminal 172, zero voltage or a positive voltage may be applied to the BW 

terminal 17 6, and zero voltage is applied to the substrate terminal 178. The 

positive voltage applied to the select gate 164 (through the WL terminal 170) 

will result in high electric field across the select gate 164 and the :floating gate 

160, resulting in electron tunneling from the floating gate(s) 160 to the select 

gate(s) 164. 

[001301] In one particular non-limiting embodiment (see Fig. 213B), about+ 12.0 

volts is applied to the WL terminal 170, about 0.0 volts is applied to the BL 

terminal 17 4, SL terminal 172, and substrate terminal 178, and 0.0 volts or+ 1.2 

volts is applied to the BW terminal 176. These voltage levels are exemplary only 

may vary from embodiment to embodiment as a matter of design choice. Thus 

the exemplary embodiments, features, bias levels, etc., described are not 

limiting. 

[001302] Fig. 214 shows another embodiment of mem01y cell 1450. Here, the 

select gate 164 may have overlap (partially or complete) with the floating gate 

160. This can result in, for example, a shorter effective channel length of the 

MOS device 120a, which in turn increases the current that may flow through the 

cell 1450. Because of the overlap, the shorter channel length can be obtained 

without resorting to patterning and etching a smaller geometry during the gate 

patterning process, for example the process steps shown in Figs. 197M through 

1970. 
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[001303] Fig. 215A illustrates a cross-sectional view of another embodiment of 

memory cell 1550 according to the present invention, which includes a control 

gate 240. Memory cell 1550 includes a substrate 212 of a first conductivity type 

such asp-type, for example. Substrate 212 is typically made of silicon, but may 

also comprise, for example, germanium, silicon germanium, gallium arsenide, 

carbon nanotubes, or other semiconductor materials. In some embodiments of 

the invention, substrate 212 can be the bulk material of the semiconductor wafer. 

In other embodiments, substrate 212 can be a well of the first conductivity type 

embedded in either a well of the second conductivity type or, alternatively, in the 

bulk of the semiconductor wafer of the second conductivity type, such as n-type, 

for example, (not shown in the figures) as a matter of design choice. To simplify 

the description, the substrate 212 will usually be drawn as the semiconductor 

bulk material as it is in Fig. 215. 

[001304] A buried layer 222 of a second conductivity type such as n-type, for 

example, is provided in the substrate 212. Buried layer 222 may be formed by an 

ion implantation process on the material of substrate 212. Alternatively, buried 

layer 222 can also be grown epitaxially on top of substrate 212. 

[001305] A floating body region 224 of the first conductivity type, such asp-type, 

for example, is bounded on top by bit line region 216, source line region 218, 

and insulating layers 262 and 266, on the sides by insulating layers 226, and on 

the bottom by buried layer 222. Floating body 224 may be the portion of the 

original substrate 212 above buried layer 222 ifburied layer 222 is implanted. 

Alternatively, floating body 224 may be epitaxially grown. Depending on how 

buried layer 222 and floating body 224 are formed, floating body 224 may have 

the same doping as substrate 212 in some embodiments or a different doping, if 

desired in other embodiments, as a matter of design choice. 

[001306] Insulating layers 226 (like, for example, shallow trench isolation (STI)), 

may be made of silicon oxide, for example, though other insulating materials 

may be used. Insulating layers 226 insulate cell 1550 from neighboring cells 

1550 when multiple cells 1550 are joined in an array 1580 to make a memory 

device. The bottom of insulating layer 226 may reside inside the buried region 

222 allowing buried region 222 to be continuous as shown in Fig. 215A. 

Alternatively, the bottom of insulating layer 226 may reside below the buried 
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region 222 as shmvn in Fig. 215B. This requires a shallower insulating layer 

228, which insulates the floating body region 224, but allows the buried layer 

222 to be continuous in the perpendicular direction of the cross-sectional view 

shown in Fig. 215B. For simplicity, only memory cell 1550 with continuous 

buried region 222 in all directions will be shown from hereon. 

[001307] A bit line region 216 having a second conductivity type, such as n-type, 

for example, is provided in floating body region 224 and is exposed at surface 

214. Bit line region 216 may be formed by an implantation process formed on 

the material making up substrate 212, according to any implantation process 

known and typically used in the art. Alternatively, a solid state diffusion process 

could be used to form bit line region 216. 

[001308] A source line region 218 having a second conductivity type, such as n-

type, for example, is also provided in floating body region 224 and is exposed at 

surface 214. Source line region 218 may be formed by an implantation process 

formed on the material making up substrate 212, according to any implantation 

process lmown and typically used in the art. Alternatively, a solid state diffusion 

process could be used to form bit line region 218. 

[001309] Unlike memory cells 1350 and 1450, memory cell 1550 is not necessarily 

asymmetric as a coupling to the floating gate 260 can be obtained through the 

control gate 240. 

[001310] A floating gate 260 is positioned in between the source line region 218 

and the insulating gap region 268, and above the :floating body region 224. The 

floating gate 260 is insulated from floating body region 224 by an insulating 

layer 262. Insulating layer 262 may be made of silicon oxide and/or other 

dielectric materials, including high-K dielectric materials, such as, but not 

limited to, tantalum peroxide, titanium oxide, zirconium oxide, hafuium oxide, 

and/or aluminum oxide. The floating gate 260 may be made of, for example, 

polysilicon material or metal gate electrode, such as tungsten, tantalum, titanium 

and their nitrides. 

[001311] A select gate 264 is positioned in between the bit line region 216 and the 

insulating gap region 268, and above the floating body region 224. The select 

gate 264 is insulated from floating body region 224 by an insulating layer 266. 

Insulating layer 266 may be made of silicon oxide and/or other dielectric 
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materials, including high-K dielectric materials, such as, but not limited to, 

tantalum peroxide, titanium oxide, zirconium oxide, hafuium oxide, and/or 

aluminum oxide. The select gate 264 may be made of, for example, polysilicon 

material or metal gate electrode, such as tungsten, tantalum, titanium and their 

nitrides. 

[001312] A control gate 240 is positioned above floating gate 260 and insulated 

therefrom by insulating layer 242 such that floating gate 260 is positioned 

behveeninsulating layer 262 and surface 214 underlying floating gate 260, and 

insulating layer 242 and control gate 240 positioned above floating gate 260, as 

shmvn. Control gate 240 is capacitively coupled to floating gate 260. Control 

gate 240 is typically made of polysilicon material or metal gate electrode, such 

as tungsten, tantalum, titanium and their nitrides. The relationship behveen the 

floating gate 260 and control gate 240 is similar to that of a nonvolatile stacked 

gate floating gate/trapping layer memory cell. The floating gate 260 functions to 

store non-volatile memory data and the control gate 240 is used for memory cell 

selection. 

[001313] Cell 1550 includes several terminals: word line (WL) terminal 270 

electrically coilllected to select gate 264, bit line (BL) terminal 27 4 electrically 

coilllected to bit line region 216, source line (SL) terminal 272 electrically 

coilllected to source line region 218, control gate (CG) terminal 280 electrically 

coilllected to control gate 240, buried well (HW) terminal 276 electrically 

coilllected to buried layer 222, and substrate terminal 278 electrically coilllected 

to substrate 212. 

[001314] Fig. 216 illustrates the equivalent circuit representation of memory cell 

1550. Inherent in memory cell 1550 are metal-oxide-semiconductor (MOS) 

transistor 220a in series with MOS transistor 220b, formed by bit line region 

216, select gate 264, floating gate 260 and control gate 240, source line region 

218, and floating body region 224. Select gate 264 controls the chailllel region of 

cell 1550 underneath the select gate while floating gate 260 and control gate 240 

control the chailllel region underneath the floating gate 260. Also present in 

memory cell 1550 are bipolar devices 230a and 230b, formed by buried well 

region 222, floating body region 224, and bit line region 216 or source line 

region 218, respectively. The coupling of the source line region 218 to the 
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floating gate 260 (typically shmvn by the extension of the floating gate 260 into 

the source line region 218) is not shmvn in Fig. 216 as the cell 1550 may or may 

not require additional coupling to the floating gate 260 for its operation. For 

drai.ving simplicity, the :floating gate 260 extension into the source line region 

218 is not dravvn. 

[001315] Fig. 217 illustrates an exemplary memory array 1580 of memory cells 

1550 (four exemplary instances of memory cell 1550 being labeled as 1550a, 

1550b, 1550c and 1550d) arranged in rows and columns. In many, but not 

necessarily all, of the figures where exemplary array 1580 appears, 

representative memory cell 1550a will be representative of a "selected" memory 

cell 1550 when the operation being described has one (or more in some 

embodiments) selected memory cells 1550. In such figures, representative 

memory cell 1550b will be representative of an unselected memory cell 1550 

sharing the same row as selected representative memory cell 1550a, 

representative memory cell 1550c will be representative of an unselected 

memory cell 1550 sharing the same column as selected representative memory 

cell 1550a, and representative memory cell 1550d will be representative of a 

memory cell 1550 sharing neither a row or a column with selected representative 

memory cell 1550a. 

[ 001316] Present in Fig. 21 7 are word line terminals 2 7 Oa through 2 7 On, source 

line terminals 272a through 272n, bit line terminals 274a through 274p, control 

gate terminals 280a through 280n, buried well terminals 276a through 276n, and 

substrate terminal 278. Each of the word line terminals 270a through 270n, 

source line terminals 272a through 272n, and control gate terminals 280a 

through 280n are associated with a single row of memory cells 1550 and are 

coupled to the select gate 264, source line region 218, and control gates 240 of 

each memory cell 1550 in that row, respectively. Each of the bit line terminals 

274a through 274p is associated with a single column of memory cells 1550 and 

is coupled to the bit line region 216 of each memory cell 1550 in that column, 

respectively. 

[001317] Substrate 212 is present at all locations under array 1580. Persons of 

ordinary skill in the art will appreciate that one or more substrate terminals 278 

will be present in one or more locations as a matter of design choice. Such 
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skilled persons vvill also appreciate that while exemplazy array 1580 is shmvn as 

a single continuous array in Fig. 21 7, that many other organizations and layouts 

are possible. For example, word lines may be segmented or buffered, bit lines 

may be segmented or buffered, source lines may be segmented or buffered, the 

array 1580 may be broken into two or more sub-arrays, and/or control circuits 

such as word decoders, column decoders, segmentation devices, sense 

amplifiers, write amplifiers may be arrayed around exemplazy array 1580 or 

inserted between sub-arrays of array 1580. Thus the exemplazy embodiments, 

features, design options, etc., described are not limiting . 

[001318] One embodiment of memory device 1550 operation is similar to that of 

memory device 1350 shown in Fig. 187. At event 102, when power is first 

applied to the memory device, the memory device is placed in an initial state, 

where the nonvolatile memory portion of the device is set to a predetermined 

state. At event 104, the memory device 1550 operates in the volatile operational 

mode, where the state of the cell 1550 is stored in the floating body 224. During 

power shutdown, or when power is inadvertently lost, or any other event that 

discontinues or upsets power to the memory device 1550, the content of the 

volatile memory is "shadowed" into the non-volatile memory portion at event 

106. At this time, the memory device retains the stored data in the nonvolatile 

memory. Upon restoring power at event 108, the content of the nonvolatile 

memory is "restored" by transferring the content of the nonvolatile memory to 

the volatile memory, followed by resetting the memory device at event 110. 

[001319] In one embodiment, the non-volatile memory (e.g. the floating gate 260) 

is initialized to have a positive charge at event 102. \Vhen power is applied to 

cell 1550, cell 1550 stores the memory information (i.e. data that is stored in 

memory) as charge in the floating body 224 of the memory device 1550. The 

presence of the electrical charge in the :floating body 224 modulates the current 

flow through the memory device 1550 (from the BL terminal 274 to the SL 

terminal 272). The current flovving through the memory device 1550 can be used 

to determine the state of the cell 1550. Because the non-volatile memory element 

(e.g. the floating gate 260) is initialized to have a positive charge, any cell 

current differences are attributed to the differences in charge of the floating body 

224. 
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[001320] Several operations can be performed to memory cell 1550 during volatile 

mode: holding, read, write logic-1 and write logic-0 operations. 

[001321] Fig. 218 shows a holding operation on memory array 1580, which 

comprises a plurality of memory cells 1550. The holding operation is performed 

by applying a positive back bias to the BW terminal 276, and zero bias on the 

WL terminal 270, SL terminal 272, BL terminal 274, CG terminal 280, and the 

substrate terminal 278. The positive back bias applied to the buried layer region 

connected to the BW terminal will maintain the state of the memory cell 1550 

that it is connected to. 

[001322] From the equivalent circuit representation of memory cell 1550 shown in 

Fig. 216, inherent in the memory cell 1550 is n-p-n bipolar devices 230a and 

230b formed by buried well region 222 (the collector region), floating body 224 

(the base region), and bit line region 216 or source line region 218 (the emitter 

region), respectively. 

[001323] The principle of the holding operation for cell 1550 is similar to that of 

cell 1350. If floating body 224 is positively charged, a state corresponding to 

logic-1, the bipolar transistors 230a and 230b will be turned on as the positive 

charge in the floating body region lowers the energy barrier of electron flow into 

the base region. Once injected into the floating body region 224, the electrons 

will be swept into the buried well region 222 (connected to BW terminal 2 7 6) 

due to the positive bias applied to the buried well region 222. As a result of the 

positive bias, the electrons are accelerated and create additional hot carriers (hot 

hole and hot electron pairs) through an impact ionization mechanism. The 

resulting hot electrons flow into the BW terminal 276 while the resulting hot 

holes will subsequently flow into the floating body region 224. This process 

restores the charge on floating body 224 and will maintain the charge stored in 

the floating body region 224 which will keep the n-p-n bipolar transistors 230a 

and 230b on for as long as a positive bias is applied to the buried well region 222 

through BW terminal 276. 

[001324] If floating body 224 is neutrally charged (the voltage on floating body 

224 being equal to the voltage on grounded bit line region 216 or source line 

region 218), a state corresponding to logic-0, no current will flow through the n­

p-n transistors 230a and 230b. The bipolar devices 230a and 230b will remain 
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off and no impact ionization occurs. Consequently memory cells in the logic-0 

state vvill remain in the logic-0 state. 

[001325] In the holding operation described in Fig. 218, there is no individually 

selected mem01y cell. Rather cells are selected in rows by the buried well 

terminals 276a through 276n and may be selected as individual rows, as multiple 

rows, or as all of the rows comprising array 1580. 

[001326] In one embodiment the bias conditions for the holding operation on 

memory cell 1550 is: 0 volts is applied to WL terminal 270, SL terminal 272, BL 

terminal 27 4, CG terminal 280, and substrate terminal 278, and a positive 

voltage like, for example,+ 1.2 volts is applied to BW terminal 276. In other 

embodiments, different voltages may be applied to the various terminals of 

memory cell 1550 as a matter of design choice and the exemplazy voltages 

described are not limiting. 

[001327] Fig. 219 illustrates a read operation performed on selected memory cell 

1550a. The read operation may be performed by applying the follovving bias 

condition: A positive bias is applied to the selected WL terminal 270a, a positive 

voltage is applied to the selected BL terminal 27 4a, zero voltage is applied to 

CG terminals 280, zero voltage is applied to the SL terminals 272, a positive 

voltage is applied to the BW terminals 276, and zero voltage is applied to the 

substrate terminal 278. 

[001328] In one exemplazy embodiment, about+ 1.2 volts is applied to the selected 

WL terminal 270a, about 0.0 volts is applied to the selected SL terminal 272a, 

about +0.4 volts is applied to the selected bit line terminal 27 4a, about 0.0 volts 

is applied to the selected CG terminal 280a, about+ 1.2 volts is applied to the 

selected buried well terminal 276, and about 0.0 volts is applied to substrate 

terminal 278. All unselected word line terminals 270b through 270n have 0.0 

volts applied, bit line terminals 274b through 274p have 0.0 volts applied, the 

unselected SL terminals 272b through 272p have 0.0 volts applied, the 

unselected CG terminals 280b through 280n have 0.0 volts applied, while the 

unselected BW terminals 276b through 276n can be grounded or have+ 1.2 volts 

applied to maintain the states of the unselected cells 1550, and 0.0 volts is 

applied to the substrate terminal 278. Fig. 219 shows the bias conditions for the 

selected representative memory cell 1550a and three unselected representative 
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memory cells 1550b, 1550c, and 1550d in mem01y array 1580, each of which 

has a unique bias condition. Persons of ordinary skill in the art will appreciate 

that other embodiments of the invention may employ other combinations of 

applied bias voltages as a matter of design choice. Such skilled persons will also 

realize that the first and second conductivity types may be reversed and the 

relative bias voltages may be inverted in other embodiments. 

[001329] If the floating body region 224 of the selected cell 1550a is positively 

charged (i.e. the cell 1550a is in logic-1 state), the threshold voltage of the MOS 

transistor 220a and 220b of selected cell 1550a will be lower (compared to ifthe 

floating body region 224 is neutral), and a higher current will flow from the bit 

line region 216 to the source line region 218 of the selected cell 1550a. Because 

the floating gate 260 is positively charged during volatile operation, the observed 

cell current difference between cells in logic-0 and logic-1 states will originate 

from the difference in the potential of the floating body 224. 

[001330] For memory cells sharing the same row as the selected memory cell (e.g. 

cell 1550b), both the BL and SL terminals are grounded and no current will flow 

through. These cells will be at the holding mode with a positive voltage applied 

to the BW terminal 276. 

[001331] For memory cells sharing the same column as the selected memory cell 

(e.g. cell 1550c), the zero voltage applied to the unselected WL terminal will 

turn off the MOS transistor 220a of these cells. Consequently, no current will 

flow through. A smaller holding current will flow through these cells because of 

the smaller difference between the BW terminal 276 and the BL terminal 274. 

However, because the write operation is accomplished much faster (on the order 

of nanoseconds) compared to the lifetime of the charge in the floating body 224 

(on the order of milliseconds), it should cause 1i ttle disruption to the charge 

stored in the :floating body. 

[001332] For memory cells sharing neither the same row nor the same column as 

the selected memory cell (e.g. cell 1550d), the WL, CG, BL, and SL terminals 

are grounded. These cells will be at the holding mode, where mem01y cells in 

state logic-1 will maintain the charge in floating body 224 while memory cells in 

state logic-0 will remain in neutral state. 
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[001333] A write logic-0 operation of an individual memory cell 1550 is now 

described with reference to Figs. 220A, 220 B and 221. In Fig. 220A, a negative 

voltage bias is applied to the selected SL terminal 272, a zero voltage bias is 

applied to WL terminal 270, BL terminal 27 4, CG terminal 280, zero or positive 

voltage is applied to the selected BW terminal 276 and zero voltage is applied to 

the substrate terminal 278. Under these conditions, the p-njunction between 

floating body 224 and source line region 218 of the selected cell 1550 is 

forward-biased, evacuating any holes from the floating body 224. Because the 

selected SL terminal 272 is shared among multiple memory cells 1550, logic-0 

will be written into all mem01y cells 1550 including memory cells 1550a and 

1550b sharing the same SL terminal 272a simultaneously. 

[001334] In one particular non-limiting embodiment, about -1.2 volts is applied to 

source line terminal 272a, about 0.0 volts is applied to word line terminal 270, 

bit line terminal 27 4, control gate terminal 280, about 0.0 volts or+ 1.2 volts is 

applied to BW terminal 276, and about 0.0 volts is applied to substrate terminal 

278. These voltage levels are exemplary only may vary from embodiment to 

embodiment as a matter of design choice. Thus the exemplary embodiments, 

features, bias levels, etc., described are not limiting in any way. 

[001335] In Fig. 220B, a negative voltage bias is applied to the selected BL 

terminal 27 4, a zero voltage bias is applied to WL terminal 270, SL terminal 

272, and CG terminal 280, zero or positive voltage is applied to the selected BW 

terminal 2 7 6 and zero voltage is applied to the substrate terminal 278. Under 

these conditions, the p-n junction between floating body 224 and bit line region 

216 of the selected cell 1550 is forward-biased, evacuating any holes from the 

floating body 224. Because the selected BL terminal 27 4 is shared among 

multiple memory cells 1550 in mem01y array 1580, logic-0 will be written into 

all memory cells 1550 including memory cells 1550a and 1550c sharing the 

same BL terminal 17 4a simultaneously. 

[001336] In one particular non-limiting embodiment, about -1.2 volts is applied to 

bit line terminal 27 4a, about 0.0 volts is applied to word line terminal 270, 

source line terminal 272, and control gate terminal 280, about 0.0 volts or+ 1.2 

volts is applied to BW terminal 276, and about 0.0 volts is applied to substrate 

terminal 278. These voltage levels are exemplary only may vary from 
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embodiment to embodiment as a matter of design choice. Thus the exemplazy 

embodiments, features, bias levels, etc., described are not limiting in any way. 

[001337] Both write logic-0 operations referred to above have a drawback that all 

memory cells 1550 sharing either the same SL terminal 272 (the first type -row 

write logic-0) or the same BL terminal 274 will (the second type - column write 

logic-0) are written to simultaneously and as a result, do not allow writing logic-

0 to individual memory cells 1550. To write arbitrazy binazy data to different 

memory cells 1550, a write logic-0 operation is first performed on all the 

memory cells to be written followed by one or more write logic-1 operations on 

the bits that must be written to logic-1. 

[001338] A third type of write logic-0 operation that allows for individual bit 

writing is illustrated in Fig. 221 and can be performed on memory cell 1550 by 

applying a positive voltage to WL terminal 270, a negative voltage to BL 

terminal 27 4, zero voltage to SL terminal 272, zero voltage to CG terminal 280, 

zero or positive voltage to BW terminal 2 7 6, and zero voltage to substrate 

terminal 278. Under these conditions, the floating body 224 potential will 

increase through capacitive coupling from the positive voltage applied to the WL 

terminal 270. As a result of the floating body 224 potential increase and the 

negative voltage applied to the BL terminal 274, the p-njunction between 224 

and bit line region 216 is forward-biased, evacuating any holes from the floating 

body 224. 

[001339] To reduce undesired write logic-0 disturb to other memory cells 1550 in 

the mem01y array 1580, the applied potential can be optimized as follows: ifthe 

floating body 224 potential of state logic-1 is referred to as V FB 1, then the 

voltage applied to the WL terminal 270 is configured to increase the floating 

body 224 potential by V FB 112 while -V FB 112 is applied to BL terminal 27 4. 

Additionally, either ground or a slightly positive voltage may also be applied to 

the BL terminals 274 of unselected memory cells 1550 that do not share the 

same BL terminal 27 4 as the selected memory cell 1550, while a negative 

voltage may also be applied to the WL terminals 270 of unselected mem01y cells 

1550 that do not share the same WL terminal 270 as the selected memory cell 

1550. 
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[001340] As illustrated in Fig. 221, the following bias conditions are applied to the 

selected representative memory cell 1550a in exemplary memory array 1580 to 

perform an individual write logic-0 operation exclusively in representative 

memory cell 1550a: a potential of about 0.0 volts to SL terminal 272a, a 

potential of about -0.2 volts to BL terminal 27 4a, a potential of about+ 1.2 volts 

is applied to word line terminal 270a, a potential of about 0.0 volts is applied to 

control gate terminal 280a, a potential of about+ 1.2 volts is applied to buried 

well terminal 276a, and about 0.0 volts is applied to substrate terminal 278. In 

the rest of array 1580, about 0.0 volts is applied to unselected WL terminals 

(including WL terminals 270b and 270n), about 0.0 volts (or possibly a slightly 

higher positive voltage) is applied to unselected BL terminals 274 (including BL 

terminal 274b and 274p), about 0.0 volts is applied to unselected SL terminals 

272 (including SL terminal 272b and 272n), about 0.0 volts is applied to 

unselected CG terminals 280 (including CG terminal 280b and 280n), and about 

+ 1.2 volts is applied to unselected BW terminals 276 (including BW terminal 

276b and 276n). Persons of ordinary skill in the art will appreciate that the 

voltage levels in Fig. 221 are illustrative only and that different embodiments 

will have different voltage levels as a matter of design choice. 

[001341] A write logic-1 operation may be performed on memory cell 1550 

through impact ionization as described, for example, with reference to Lin cited 

above, or through a band-to-band tunneling mechanism (also known as Gate 

Induced Drain Leakage or GIDL), as described, for example with reference to 

Yoshida cited above. An example of a write logic-1 operation using the GIDL 

method is described in conjunction with Fig. 222A while an example of a write 

logic-1 operation using the impact ionization method is described in conjunction 

with Fig. 222B. 

[001342] In Fig. 222A, an example of the bias conditions of the array 1580 

including selected representative memory cell 1550a during a band-to-band 

tunneling write logic-1 operation is shown. The negative bias applied to the WL 

terminal 270a and the positive bias applied to the BL terminal 27 4a results in 

hole injection to the floating body 224 of the selected representative memory cell 

1550a. The SL terminal 272a, the CG terminal 280a, and the substrate terminal 

278 are grounded during the write logic-1 operation while a positive bias is 
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applied to the BW terminal 276a to maintain holding operation to the unselected 

cells. 

[001343] The negative voltage on WL terminal 270a couples the voltage potential 

of the floating body region 224 in representative mem01y cell 1550a dmvnward. 

This combined with the positive voltage on BL terminal 27 4a creates a strong 

electric field between the bit line region 216 and the floating body region 224 in 

the proximity of select gate 264 (hence the "gate induced" portion of GIDL) in 

selected representative memory cell 1550a. This bends the energy bands sharply 

upward near the gate and drain junction overlap region, causing electrons to 

tunnel from the valence band to the conduction band, leaving holes in the 

valence band. The electrons which tunnel across the energy band become the 

drain leakage current (hence the "drain leakage" portion of GIDL), while the 

holes are injected into floating body region 224 and become the hole charge that 

creates the logic-1 state. This process is well known in the art and is illustrated in 

Yoshida (specifically Figs. 2 and 6 on page 3 and Fig. 9 on page 4) cited above. 

[001344] In one particular non-limiting embodiment, about -1.2 volts is applied to 

word line terminal 27 Oa, about + 1. 2 volts is applied to bit line terminal 2 7 4a, 

about 0.0 volts is applied to source line terminal 272a and control gate terminal 

280a, about 0.0 volts or+ 1.2 volts is applied to BW terminal 276a, and about 0.0 

volts is applied to substrate terminal 278. These voltage levels are exemplary 

only may vary from embodiment to embodiment as a matter of design choice. 

Thus the exemplary embodiments, features, bias levels, etc., described are not 

limiting in any way. 

[001345] Fig. 222B shows a write logic-1 operation using the impact ionization 

method. In this case, both the select gate 264 and bit line 216 of the memory cell 

1550 to be written are biased at a positive voltage. This causes impact ionization 

current to flow charging the floating body 224 to the logic-1 state regardless of 

the data originally stored in the cell. 

[001346] In the exemplary embodiment shown in Fig. 222B, the selected word line 

terminal 270a is biased at about+ 1.2V while the unselected word line terminals 

2 7 Ob through 2 7 On are biased at about 0. OV, the selected bit line terminal 27 4a is 

also biased at about+ 1.2V while the unselected bit line terminals 27 4b through 

274p are biased at about O.OV, the selected source line 272a is biased at about 
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O.OV, while the unselected source line terminals 272b through 272n are biased at 

about O.OV, all of the control gate terminals 280 are biased at O.OV, the buried 

well terminals 276 are biased at about O.OV or+ 1.2V (to maintain the states of 

the unselected cells), and the substrate terminal 278 is biased at about O.OV. 

These voltage bias levels are exemplary only and will vary from embodiment to 

embodiment and are thus in no way limiting. 

[001347] An embodiment of a shadowing operation performed on cell 1550 is 

illustrated in Fig. 223A: a positive voltage is applied to the SL terminal 272a, a 

positive voltage is applied to the WL terminal 270a, zero voltage is applied to 

the BL terminal 274a, a positive voltage is applied to the CG terminal 280a, zero 

or positive voltage is applied to the BW terminal 276a, and zero voltage is 

applied to the substrate terminal 278. 

[001348] In one particular non-limiting embodiment, about +6.0 volts is applied to 

the source line terminal 272, about+ 1.2 volts is applied to word line terminal 

270, about 0.0 volts is applied to bit line terminal 27 4, about +6.0 volts is 

applied to control gate terminal 280, about 0.0 volts or+ 1.2 volts is applied to 

BW terminal 276, and about 0.0 volts is applied to substrate terminal 278. These 

voltage levels are exemplary only may vary from embodiment to embodiment as 

a matter of design choice. Thus the exemplary embodiments, features, bias 

levels, etc., described are not limiting in any way. 

[001349] When floating body 224 has a positive charge/voltage, the MOS device 

220a is turned on. The surface potential under the MOS device 220a will be 

equal to the smaller of the voltage applied to the BL terminal 274 or the 

difference between the gate voltage applied to the WL terminal 270 and the 

threshold voltage of the MOS device 220a. The positive voltage applied to the 

control gate 240 (through the CG terminal 280) will be capacitively coupled to 

the floating gate 260. As a result, the surface potential under the MOS device 

220b will increase and depending on the positive charge stored in the floating 

gate 260, will be close to the potential applied to the source line region 218. 

Consequently, a strong lateral electric field will be developed around the gap 

region 268. This lateral electric field will energize/accelerate electrons traveling 

from the bit line region 216 to the source line region 218 (both the MOS devices 

220a and 220b are turned on) to a sufficient extent that they can 'jump over" the 
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oxide bani.er behveen floating body 224 and floating gate 260. A large vertical 

field-resulting from the potential difference behveen floating gate 260, which 

partly is due to the coupling from the control gate 240 and the source line region 

218, and the surface 214-also exists. As a result, electrons enter floating gate 

260. Accordingly, floating gate 260 becomes negatively charged by the 

shadowing process, when the volatile memory of cell 1550 is in logic-1 state 

(i.e., floating body 224 is positively charged). 

[001350] \Vhen floating body 224 is neutral, the threshold voltage of the MOS 

device 220a is higher (compared to when the :floating body 224 is positively 

charged) and the MOS device 220a is turned off Therefore, no electrons flow 

through the cell 1550. Accordingly, floating gate 260 retains its positive charge 

at the end of the shadowing process, when the volatile memory of cell 1550 is in 

logic-0 state (i.e., floating body 224 is neutral). 

[001351] Upon the completion of the shadowing operation, the charge state of the 

floating gate 260 is complementary to that of the floating body 224. Thus, ifthe 

floating body 224 of the memory cell 1550 has a positive charge in volatile 

memory, the floating gate 260 will become negatively charged by the shadowing 

process, whereas ifthe floating body 224 of the memory cell 1550 has a negative 

or neutral charge in volatile memory, the floating gate layer 260 will be 

positively charged at the end of the shadowing operation. The charges/states of 

the floating gates 260 are determined non-algorithmically by the states of the 

floating bodies, and shadowing of multiple cells occurs in parallel, therefore the 

shadowing process is very fast. 

[001352] Another embodiment of a shadowing operation performed on cell 1550 is 

illustrated in Fig. 223B: a positive voltage is applied to the CG terminals 280, a 

positive voltage is applied to the WL terminals 270, zero voltage is applied to 

the BL terminals 27 4, zero or positive voltage is applied to the BW terminals 

276, zero voltage is applied to the substrate terminal 278, while the SL terminals 

272 are left floating. 

[001353] In one particular non-limiting embodiment, about+ 12.0 volts is applied 

to the control gate terminal 280, about+ 1.2 volts is applied to word line terminal 

270, about 0.0 volts is applied to bit line terminal 27 4, about 0.0 volts or+ 1.2 

volts is applied to BW terminal 276, about 0.0 volts is applied to substrate 
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terminal 278, and the source line terminal 272 is left :floating. These voltage 

levels are exemplary only may vary from embodiment to embodiment as a 

matter of design choice. Thus the exemplary embodiments, features, bias levels, 

etc., described are not limiting in any way. 

[001354] \Vhen floating body 224 has a positive charge/voltage, the MOS device 

220a is turned on and will pass the zero voltage applied to the BL terminal 27 4. 

If the bias applied to the control gate 240 is large enough, a fringing electric 

field-for example as described in "A 64-Cell NAND Flash Memory with 

Asymmetric SID Structure for Sub-40nm Technology and Beyond", K-T. Park et 

al., pp. 19-20, Digest of Technical Papers, 2006 Symposium on VLSI 

Teclmology, 2006 (which is hereby incorporated herein, in its entirety, by 

reference thereto, and which henceforth is referred to as "Park")-will create an 

inversion region in the gap region 268. As a result, the zero voltage applied to 

the BL terminal 274 will also be passed to the channel region of the MOS device 

220b underneath the floating gate 260. Due to the coupling from the control gate 

240 to the floating gate 260, this results in a strong vertical electric field between 

the floating gate 260 and the channel region underneath it. The strong vertical 

electric field will induce electron tunneling from the channel region to the 

floating gate 260. Accordingly, :floating gate 260 becomes negatively charged by 

the shadowing process, when the volatile memory of cell 1550 is in logic-1 state 

(i.e., floating body 224 is positively charged). 

[001355] \Vhen floating body 224 is neutral, the threshold voltage of the MOS 

device 220a is higher (compared to when the :floating body 224 is positively 

charged) and the MOS device 220a is turned off As a result, the channel region 

underneath the floating gate 260 will be :floating. The positive voltage applied to 

the control gate 240 will in turn increase the channel potential underneath the 

floating gate 260, and consequently the electric field build-up is not sufficient to 

result in electron tunneling to the :floating gate 260. Accordingly, floating gate 

260 retains its positive charge at the end of the shadowing process, when the 

volatile memory of cell 1550 is in logic-0 state (i.e., floating body 224 is 

neutral). 

[001356] Upon the completion of the shadowing operation, the charge state of the 

floating gate 260 is complementary to that of the floating body 224. Thus, ifthe 
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floating body 224 of the memory cell 1550 has a positive charge in volatile 

memory, the floating gate 260 vvill become negatively charged by the shadowing 

process, whereas ifthe floating body 224 of the memory cell 1550 has a negative 

or neutral charge in volatile memory, the floating gate layer 260 will be 

positively charged at the end of the shadovving operation. The charges/states of 

the floating gates 260 are determined non-algorithmically by the states of the 

floating bodies, and shadovving of multiple cells occurs in parallel, therefore the 

shadovving process is very fast. 

[001357] Fig. 224 illustrates a restore operation carried out when power is restored 

to cell 1550. The restore operation restores the state of the cell 1550 from the 

floating gate 260 into :floating body region 224. Prior to the restore process, the 

floating bodies 224 are set to neutral state, which is the state of the :floating 

bodies when power is removed from the memory device 1580. To perform the 

restore process, the follovving bias conditions are applied: a positive voltage is 

applied to the SL terminals 272, zero voltage is applied to the WL terminals 270, 

CG terminals 280, and BL terminals 27 4, zero or positive voltage is applied to 

the BW terminals 276, and zero voltage is applied to the substrate terminal 278. 

[001358] In one particular non-limiting embodiment, about+ 1.2 volts is applied to 

the source line terminals 272, about 0.0 volts is applied to the word line 

terminals 270, control gate terminals 280, and bit line terminals 27 4, about 0.0 

volts or+ 1.2 volts is applied to BW terminals 276, and about 0.0 volts is applied 

to substrate terminal 278. These voltage levels are exemplary only may vary 

from embodiment to embodiment as a matter of design choice. For example, a 

positive voltage can be applied to bit line terminal 27 4 or a negative voltage can 

be applied to word line 270 to ensure that no current flows through the channel 

region of cell 1550 during restore operation. Thus the exemplary embodiments, 

features, bias levels, etc., described are not limiting . 

[001359] When floating gate 260 is negatively charged, the negative charge on the 

floating gate 260 and the positive voltage on SL terminal 272 create a strong 

electric field between the source line region 218 and the floating body region 

224 in the proximity of floating gate 260. This bends the energy band sharply 

upward near the gate and source line junction overlap region, causing electrons 

to tunnel from the valence band to the conduction band, leaving holes in the 
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valence band. The electrons which tunnel across the energy band become the 

drain leakage current, while the holes are injected into floating body region 224 

and become the hole charge that creates the logic-1 state. This process is well 

known in the art as band-to-band tunneling or gate induced drain leakage 

(GIDL) mechanism and is illustrated in for example in Yoshida (specifically 

Figs. 2 and 6 on page 3 and Fig. 9 on page 4) cited above. The BL terminal 274 

is grounded or a positive voltage is applied thereto to prevent current to flow 

through the channel region ofcell 1550. 

[001360] \Vhen floating gate 260 is positively charged, the positive charge on the 

floating gate 260 and the source line region 218 do not result in strong electric 

field to drive hole injection into the floating body 224. Consequently, the 

floating body 224 will remain in neutral state. 

[001361] It can be seen that if floating gate 260 has a positive charge after 

shadowing is performed, the volatile mem01y of floating body 224 will be 

restored to have a neutral charge (logic-0 state), but if the floating gate 260 has a 

negative charge, the volatile memory of floating body 224 will be restored to 

have a positive charge (logic-1 state), thereby restoring the original state of the 

floating body 224 prior to the shadowing operation. Note that this process occurs 

non-algorithmically, as the state of the :floating gate 260 does not have to be 

read, interpreted, or otherwise measured to determine what state to restore the 

floating body 224 to. Rather, the restoration process occurs automatically, 

driven by electrical potential differences. Accordingly, this process is orders of 

magnitude faster than one that requires algorithmic intervention. 

[001362] After restoring the memory cell(s) 1550, the floating gate(s) 260 is/are 

reset to a predetermined state, e.g., a positive state as illustrated in Figs. 225A 

and 225B, so that each floating gate 260 has a known state prior to performing 

another shadowing operation. The reset process operates by the mechanism of 

band-to-band tunneling hole injection to the :floating gate(s) 260, as illustrated in 

Fig. 225A, or by electron tunneling from the floating gate(s) 260 as illustrated in 

Fig. 225B. 

[001363] The reset mechanism illustrated in Fig. 225A follows a similar 

mechanism as the restore process. A negatively charged floating gate 260 will 

result in an electric field generating hot holes. The majority of the resulting hot 
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holes are injected into the :floating body 224 and a smaller portion vvill be 

injected into the :floating gate 260. A higher potential can be applied to the SL 

terminal 272 to increase the speed of the reset operation if desired. The hole 

injection vvill only occur in cells 1550 vvith negatively charged :floating gate 260. 

As a result, all :floating gates 260 vvill be initialized to have a positive charge by 

the end of the reset process. 

[001364] In one particular non-limiting embodiment, about +3.0 volts is applied to 

the source line terminal 272, about 0.0 volts is applied to word line terminal 270, 

control gate terminal 280, and bit line terminal 274, about 0.0 volts or+ 1.2 volts 

is applied to BW terminal 276, and about 0.0 volts is applied to substrate 

terminal 278. These voltage levels are exemplary only may vary from 

embodiment to embodiment as a matter of design choice. Thus the exemplary 

embodiments, features, bias levels, etc., described are not limiting in any way. 

The bias condition is similar to that of the restore operation. However, because 

the amount of holes injected into the :floating gate 260 is smaller than the amount 

injected into the :floating body 224, the reset operation proceeds more slowly 

than the restore operation. A negative voltage can also be applied to the buried 

well terminal 276 to ensure that no holes are accumulated in memory cells 1550 

vvith positively charged :floating gate 260, while a positive voltage can also be 

applied to the bit line terminal 27 4 to prevent current to flow through the channel 

region of cell 1550. 

[001365] Fig. 225B illustrates a reset operation by means of electron tunneling 

from the :floating gate 260 to the select gate 264. A positive voltage is applied to 

the WL terminal 270, a negative voltage is applied to the CG terminal 280, while 

zero voltage is applied to the BL terminal 274, SL terminal 272 is left :floating, 

zero voltage or a positive voltage may be applied to the BW terminal 276, and 

zero voltage is applied to the substrate terminal 278. The positive voltage 

applied to the select gate 264 (through the WL terminal 270) and the negative 

voltage applied to the control gate 240 (through the CG terminal 280) vvill result 

in high electric field across the select gate 264 and the floating gate 260, 

resulting in electron tunneling from the floating gate(s) 260 to the select gate(s) 

264. 
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[001366] In one particular non-limiting embodiment, about+ 1.2 volts is applied to 

the WL terminal 270, about -12.0 volts is applied to the CG terminal 280, about 

0.0 volts is applied to the BL terminal 27 4, SL terminal 272 is left floating, about 

0.0 volts or+ 1.2 volts is applied to the BW terminal 276, and about 0.0 volts is 

applied to the substrate terminal 278. These voltage levels are exemplary only 

may vary from embodiment to embodiment as a matter of design choice. For 

example, the BL terminal 27 4 may also be left :floating. Thus the exemplary 

embodiments, features, bias levels, etc., described are not limiting in any way. 

[001367] An alternative embodiment of the memory device 1550, operation 200 is 

illustrated in Fig. 226. The control gate 240 of the cell 1550 can be used to 

"shield" the charge stored in the floating gate 260. As a result, the volatile 

operation 104 can be performed without first resetting the state of the floating 

gate 260. During power shutdown, a reset operation 110 is first performed, 

followed by the shadowing operation to transfer the state of the floating body 

224 to the floating gate 260. Upon restoring power at event 108, the content of 

the nonvolatile memory is ''restored" to the volatile memory, and the memory 

device can immediately be placed into the volatile memory operation 104. This 

reduces the "start-up" time of the memory device 1550, i.e. the time between 

power up and when the memory device 1550 is available for volatile memory 

operation, by moving the reset operation 110 to the power shutdown operation. 

[001368] To "shield" the charge stored in the floating gate 260, a positive bias is 

applied to the control gate 240 (through the CG terminal 280) during volatile 

mode operations, for example during the volatile read operation and write logic-

1 operation using the impact ionization mechanism. 

[001369] Fig. 227 illustrates an example of bias conditions for an alternative read 

operation performed on selected memory cell 1550a. The read operation may be 

performed by applying the following bias conditions: a positive voltage is 

applied to the selected WL terminal 270a, a positive voltage is applied to the 

selected BL terminal 274a, a positive voltage is applied to CG terminal 280a, 

zero voltage is applied to the SL terminals 272, a positive voltage is applied to 

the BW terminals 276, and zero voltage is applied to the substrate terminal 278. 

[001370] In one exemplary embodiment, about+ 1.2 volts is applied to the selected 

WL terminal 270a, about 0.0 volts is applied to the selected SL terminal 272a, 
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about +0.4 volts is applied to the selected bit line terminal 27 4a, about +5 .0 volts 

is applied to the selected CG terminal 280a, about+ 1.2 volts is applied to the 

selected buried well terminal 276, and about 0.0 volts is applied to substrate 

terminal 278. All unselected word line terminals 270b through 270n have 0.0 

volts applied, bit line terminals 274b through 274p have 0.0 volts applied, the 

unselected SL terminals 272b through 272p have 0.0 volts applied, the 

unselected CG terminals 280b through 280n have 0.0 volts applied, while the 

unselected BW terminals 276b through 276n can be grounded or have+ 1.2 volts 

applied to maintain the states of the unselected cells 1550, and 0.0 volts is 

applied to the substrate terminal 278. Persons of ordinary skill in the art will 

appreciate that other embodiments of the invention may employ other 

combinations of applied bias voltages as a matter of design choice. Such skilled 

persons will also realize that the first and second conductivity types may be 

reversed and the relative bias voltages may be inverted in other embodiments. 

[001371] The positive voltage applied on the selected CG terminal 280 will create 

an inversion region underneath the floating gate 260, regardless of the charge 

stored in the floating gate 260. As a result, the MOS device 220b will be on, and 

the mem01y cell 1550 conductance will be determined by the MOS device 220a. 

The threshold voltage of the MOS device 220a will in tum be modulated by the 

charge stored in the floating body 224. A positively charged floating body 224 

will result in a lower threshold voltage of the MOS device 220a compared to if 

the floating body is neutral. 

[001372] Fig. 228 shows an alternative write logic-1 operation using the impact 

ionization method. In this case, a positive bias is applied to the control gate 240 

(through the CG terminal 280). This causes impact ionization current to flow 

charging the floating body 224 to the logic-1 state regardless of the stored in the 

floating gate 260. 

[001373] In the exemplary embodiment shown in Fig. 228, the selected word line 

terminal 270a is biased at about+ 1.2V while the unselected word line terminals 

2 7 Ob through 2 7 On are biased at about 0. OV, the selected bit line terminal 27 4a is 

also biased at about+ 1.2V while the unselected bit line terminals 27 4b through 

274p are biased at about O.OV, the selected source line 272a and unselected 

source lines 272b through 272n are each biased at about O.OV, the control gate 
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terminals 280a is biased at +5 .OV while the unselected control gate terminals 

280b through 280n are biased at about O.OV, the buried well terminals 276 are 

biased at about O.OV or+ 1.2V (to maintain the states of the unselected cells), 

and the substrate terminal 278 is biased at about O.OV. These voltage bias levels 

are exemplazy only and may vazy from embodiment to embodiment and are thus 

not limiting. 

[001374] Other volatile mode operations performed on memory cell 1550 are 

relatively independent of the charge stored on floating gate 260. For example, 

the write logic-0 operations largely depends on the potential difference between 

the floating body 224 and the bit line region 216 (or the source line region 218). 

In these operations, the control gate may be grounded, or a positive bias may 

also be applied similar to the read and write logic-1 operations described in Figs. 

227 and 228, respectively. 

[001375] In another embodiment of memory cell 1550, alternative non-volatile 

storage material can be used. The descriptions above use floating gate 

polysilicon as the non-volatile storage material. Charge trapping material, for 

example made of silicon nanocrystal or silicon nitride, may also be used as non­

volatile storage material. Whether a :floating gate 260 or a trapping layer 260 is 

used, the function is the same, in that they hold data in the absence of power and 

the mode of operations described above may be performed. The primazy 

difference between the floating gate 260 and the trapping layer 260 is that the 

floating gate 260 is a conductor, while the trapping layer 260 is an insulator 

layer. 

[001376] The memory cells 1350, 1450, and 1550 described above can also be 

fabricated on a silicon-on-insulator (SOI) substrate. Figs. 229A through 229C 

illustrate memory cells 1350S, 1450S, and 1550S, in which the floating bodies 

are bounded at the bottom by an insulator region 22S, 122S, and 222S, 

respectively. 

[001377] Fig. 229A illustrates a schematic cross-sectional view of memory cell 

1350S. Memory cell 1350S includes a silicon-on-insulator (SOI) substrate 12 of 

a first conductivity type such asp-type, for example. Substrate 12 is typically 

made of silicon, but may also comprise, for example, germanium, silicon 

germanium, gallium arsenide, carbon nanotubes, or other semiconductor 
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materials. Substrate 12 consists of a buried insulator 22S, such as buried oxide 

(BOX). 

[001378] A floating body region 24 of the first conductivity type, such asp-type, 

for example, is bounded on top by bit line region 16, source line region 18, and 

insulating layer 62, and on the bottom by buried insulator 22S. 

[001379] A bit line region 16 having a second conductivity type, such as n-type, 

for example, is provided in floating body region 24 and is exposed at surface 14. 

Bit line region 16 may be formed by an implantation process formed on the 

material making up substrate 12, according to any implantation process knmvn 

and typically used in the art. Alternatively, a solid state diffusion process could 

be used to form bit line region 16. 

[001380] A source line region 18 having a second conductivity type, such as n-

type, for example, is also provided in floating body region 24 and is exposed at 

surface 14. Source line region 18 may be formed by an implantation process 

formed on the material making up substrate 12, according to any implantation 

process lmmvn and typically used in the art. Alternatively, a solid state diffusion 

process could be used to form bit line region 18. 

[001381] A fully-depleted SOI substrate, such as shmvn in Fig. 229A, eliminates 

the need of an insulator layer to insulate cell 1350S from neighboring cells 

1350S when multiple cells 1350S are joined in an array to make a memory 

device. The bit line region 16 and the source line region 18 are shared with 

neighboring cells 1350S. In a partially-depleted SOI surface (not shown), an 

insulator, such as shallow trench isolation (STI), may be used to insulate cell 

1350S from neighboring cells 1350S. 

[001382] The operation of the memory cell 1350S is similar to that of the memory 

cell 1350. However, due to the absence of the buried well region in cell 1350S, a 

holding operation (performed by applying a positive bias on the buried well 

terminal on cell 1350) cannot be performed on cell 1350S. A periodic refresh 

operation, to refresh the state of the cell 1350S, can be performed by applying a 

positive bias on the source line region 18, such as described in "Autonomous 

Refresh of Floating Body Cell (FBC)", T. Ohsawa et al., pp. 1-4, IEEE 

International Electron Devices Meeting 2008 ("Ohsawa-2"), which is hereby 

incorporated herein, in its entirety, by reference thereto. 
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[001383] Figs. 229B and 229C illustrate cell 1450S and 1550S fabricated on a 

silicon-on-insulator substrate, where buried insulator 122S/222S, such as for 

example buried oxide (BOX), bound the floating body substrate 124/224 at the 

bottom. Most of the descriptions regarding cells 1450/1550 also apply to the 

cells 1450S/1550S. Similarly, due to the absence of the buried well region in 

cells 1450S/1550S, a holding operation (performed by applying a positive bias 

on the buried well terminal on cell 1450/1550) cannot be performed on cell 

1450S/1550S. A periodic refresh operation, to refresh the state of the cell 

1450S/1550S, can be performed by applying a positive bias on the source line 

region 118/218. 

[001384] Memory cells 1350, 1450, and 1550 may also comprise a fin structure as 

shown in Figs. 230A through 230C. Similarly, memory cells 1350S, 1450S and 

1550S may also alternatively comprise a fin structure. 

[001385] Fig. 230A illustrates a schematic cross-sectional view of memory cell 

1350V. Memory cell 1350V has a fin structure 52 fabricated on substrate 12, so 

as to extend from the surface of the substrate to form a three-dimensional 

structure, with fin 52 extending substantially perpendicular to and above the top 

surface of the substrate 12. Fin structure 52 is conductive and is built on buried 

well layer 22 which is itself built on top of substrate 12. Alternative! y, buried 

well 22 could be a diffusion inside substrate 12 with the rest of the fin 52 

constructed above it, or buried well 22 could be a conductive layer on top of 

substrate 12 connected to all the other fin 52 structures in a manner similar to 

memory cell 1350 described above. Fin 52 is typically made of silicon, but may 

comprise germanium, silicon germanium, gallium arsenide, carbon nanotubes, or 

other semiconductor materials lmown in the art. 

[001386] Buried well layer 22 may be formed by an ion implantation process on 

the material of substrate 12. Alternatively, buried well layer 22 may be grown 

epitaxially above substrate 22. Buried well layer 22, which has a second 

conductivity type (such as n-type conductivity type), insulates the floating body 

region 24, which has a first conductivity type (such asp-type conductivity type), 

from the bulk substrate 12 also of the first conductivity type. Fin structure 52 

includes bit line region 16 and source line region 18 having a second 

conductivity type (such as n-type conductivity type). Similar to mem01y cell 

318 

efiling
Rectangle



WO 2011/097592 PCT /US2011/02394 7 

Atty. Docket: ZEN0-012WO 

1350, cell 1350V is also asymmetric, for example by having a higher capacitive 

coupling from the source line region 18 to the floating gates 60. Memory cell 

1350V further includes floating gates 60 on two opposite sides of the :floating 

substrate region 24 insulated from floating body 24 by insulating layers 62. 

Floating gates 60 are positioned between the bit line region 16 and the source 

line region 18, adjacent to the floating body 24. 

[001387] Thus, the floating body region 24 is bounded by the top surface of the fin 

52, the facing side and bottom of bit line region 16 and source line region 18, top 

of the buried well layer 22, and insulating layers 26 (as shown in the schematic 

top-view of cell 1350V in Fig. 230B) and 62. Insulating layers 26 insulate cell 

13 5 OV from neighboring cells 135 OV when multiple cells 135 OV are joined to 

make a memory array. 

[001388] As shown in Fig. 23 OC, an al temate fin structure 13 50V can be 

constructed. In this embodiment, floating gates 60 and insulating layers 62 can 

enclose three sides of the floating substrate region 24. The presence of the 

floating gate 60 on three sides allows better control of the charge in floating 

body region 24. 

[001389] Memory cell 1350V can be used to replace memory cell 1350 in an array 

similar to array 1380 having similar coJlllectivity between the cells and the array 

control signal terminals. In such a case, the hold, read and write operations are 

similar to those in the lateral device embodiments described earlier for memory 

cell 1350 in array 1380. As with the other embodiments, the first and second 

conductivity types can be reversed as a matter of design choice. As with the 

other embodiments, many other variations and combinations of elements are 

possible, and the examples described in no way limit the present invention. In 

addition, memory cell 1350V may also be fabricated on a silicon-on-insulator 

(SOI) substrate. 

[001390] Figs. 230D and 230E illustrate cell 1450V and 1550V comprising fins 

152/252. Most of the descriptions regarding cells 1450/1550 also apply to the 

cells 1450V /1550V. Reference numbers previously referred to in earlier drawing 

figures have the same, similar, or analogous functions as in the earlier described 

embodiments. The select gates, :floating gates, and control gates on cells 

1450V /1550V may also enclose all sides of the floating substrate regions 
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124/224. In addition, memory cells l 450V /1550V may also be fabricated on 

silicon-on-insulator (SOI) substrates. 

[001391] A novel semiconductor mem01y having both volatile and non-volatile 

functionality is achieved. Many embodiments of the present invention have been 

described. Persons of ordinary skill in the art vvill appreciate that these 

embodiments are exemplary only to illustrate the principles of the present 

invention. Many other embodiments vvill suggest themselves to such skilled 

persons after reading this specification in conjunction vvith the attached dravving 

figures. For example: 

[001392] The first and second conductivity types may be reversed and the applied 

voltage polarities inverted while staying within the scope of the present 

invention. 

[001393] \Vhile many different exemplary voltage levels were given for various 

operations and embodiments, these may vary from embodiment to embodiment 

as a matter of design choice while staying vvithin the scope of the present 

invention. 

[001394] The invention may be manufactured using any process technology at any 

process geometry or technology node and be within the scope of the invention. 

Further, it should be understood that the drawing figures are not drawn to scale 

for ease of understanding and clarity of presentation, and any combination of 

layer composition, thickness, doping level, materials, etc. may be used vvithin the 

scope of the invention. 

[001395] \Vhile exemplary embodiments typically showed a single mem01y array 

for the purpose of simplicity in explaining the operation of the various memory 

cells presented herein, a memory device employing the memory cells of the 

presentation may vary in many particulars in terms of architecture and 

organization as a matter of design choice while staying vvithin the scope of the 

invention. Such embodiments may, without limitation, include features such as 

multiple memory arrays, segmentation of the various control lines vvith or 

vvithout multiple levels of decoding, simultaneously performing multiple 

operations in multiple memory arrays or in the same arrays, employing many 

different voltage or current sensing circuits to perform read operations, using a 

variety of decoding schemes, using more than one type of memory cell, 
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employing any sort of interface to communicate vvith other circuitry, and/or 

employing many different analog circuits knmvn in the art to generate voltage or 

currents for use in performing the various operations on the memory array or 

arrays. Such analog circuits may vvithout limitation be, for example, digital-to­

analog converters (DACs), analog-to-digital converters (ADCs), operational 

amplifiers (Op Amps), comparators, voltage reference circuits, current mirrors, 

analog buffers, etc. 

[001396] Thus the invention should not be limited in any way except by the 

appended claims. 
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CLAIMS 

1.  A method of maintaining a state of a memory cell without interrupting access to said 

memory cell, said method comprising:  

applying a back bias to the cell to offset charge leakage out of a floating body 

of the cell, wherein a charge level of the floating body indicates a state of the memory 

cell; and 

accessing the cell. 

2.  The method of claim 1, wherein said applying comprises applying said back bias to a 

terminal of said cell that is not used for address selection of said cell. 

3.  The method of claim 1, wherein said back bias is applied as a constant positive 

voltage bias. 

4.  The method of claim 1, wherein said back bias is applied as a periodic pulse of 

positive voltage. 

5.  The method of claim 1, wherein a maximum potential that can be stored in said 

floating body is increased by said applying back bias to the cell, resulting in a relatively 

larger memory window. 

6.  The method of claim 1, wherein said application of back bias performs a holding 

operation on said cell, said method further comprises simultaneously performing a read 

operation on said cell at the same time that said holding operation is being performed. 

7.  A method of operating a memory array having rows and columns of memory cells 

assembled into an array of said memory cells, each said memory cell having a floating body 

region for storing data; the method comprising:  
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performing a holding operation on at least all of said cells not aligned in a row 

or column of a selected cell; and 

accessing said selected cell and performing a read or write operation on said 

selected cell while performing said hold operation on said at least all of said cells not 

aligned in a row or column of said selected cell. 

8.  The method of claim 7, wherein said performing a holding operation comprises 

performing said holding operation on all of said cells and wherein said performing a read or 

write operation comprises performing a read operation on said selected cell. 

9.  The method of claim 7, wherein said holding operation is performed by applying back 

bias to a terminal not used for memory address selection. 

10.  The method of claim 9, wherein said terminal is segmented to allow independent 

control of the applied back bias to a selected portion of the memory array. 

11.  The method of claim 7, wherein said performing a holding operation comprises 

performing said holding operation on all of said cells except for said selected cell, and 

wherein said performing a read or write operation comprises performing a write “0” 

operation on said selected cell, wherein a write “0” operation is also performed on all of said 

cells sharing a common source line terminal with said selected cell during said performing a 

write“0” operation. 

12.  The method of claim 7, comprising an individual bit write “0” operation, wherein 

said performing a holding operation comprises performing said holding operation on all of 

said cells except for said selected cell, while said performing a read or write operation 

comprises performing a write “0” operation on said selected cell. 
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13.  The method of claim 7, wherein said performing a holding operation comprises 

performing said holding operation on all of said cells except for said selected cell while said 

performing a read or write operation comprises performing a write “1” operation on said 

selected cell. 

14.  The method of claim 7, wherein said performing a holding operation comprises 

performing said holding operation on all of said cells except for said selected cell while said 

performing a read or write operation comprises performing a multi-level write operation on 

said selected cell, using an alternating write and verify algorithm. 

15.  The method of claim 7, wherein said performing a holding operation comprises 

performing said holding operation on all of said cells except for said selected cell while said 

performing a read or write operation comprises performing a single-level or multi-level write 

operation on said selected cell, wherein said single-level and each level of said multi-level 

write operation includes: ramping a voltage applied to said selected cell to perform said write 

operation; reading the state of said selected cell by monitoring a change in current toward an 

addressable terminal of said selected cell; and verifying a state of said write operation using a 

reference memory cell. 

16.  The method of claim 15, further comprising configuring a state of said reference 

memory cell using a write-then-verify operation, prior to performing said write operation. 

17.  The method of claim 15, wherein said configuring a state of said reference memory 

cell comprises configuring said state upon power up of said memory array. 

18.  A method of operating a memory array having rows and columns of memory cells 

assembled into an array of said memory cells, each said memory cell having a floating body 

region for storing data; the method comprising:  
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refreshing a state of at least one of said memory cells; and 

accessing at least one other of said memory cells, wherein access of said at 

least one other of said memory cells in not interrupted by said refreshing, and wherein 

said refreshing is performed without alternating read and write operations. 




