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MEMORY CELL COMPRISING FIRST AND SECOND
TRANSISTORS AND METHODS OF OPERATING

FIELD OF THE INVENTION
[0001] The present invention relates to semiconductor memory technology. More
specifically, the present invention relates to a semiconductor memory device

comprising an electrically floating body transistor and an access transistor.

BACKGROUND OF THE INVENTION

[0002] Semiconductor memory devices are used extensively to store data. Memory
devices can be characterized according to two general types: volatile and non-
volatile. Volatile memory devices such as static random access memory (SRAM)
and dynamic random access memory (DRAM) lose data that is stored therein when
power is not continuously supplied thereto.

[0003] DRAM based on the electrically floating body effect has been proposed (see
for example “A Capacitor-less 1T-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 1T/1C 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 1T/1C memory cell.

[0004] Widjaja and Or-Bach describes a bi-stable SRAM cell incorporating a
floating body transistor, where more than one stable state exists for each memory
cell (for example as described in U.S. Patent Application Publication No.
2010/00246284 to Widjaja et al., titled “Semiconductor Memory Having Floating
Body Transistor and Method of Operating” and U.S. Patent Application Publication
No. 2010/0034041, “Method of Operating Semiconductor Memory Device with
Floating Body Transistor Using Silicon Controlled Rectifier Principle”, which are
both hereby incorporated herein, in their entireties, by reference thereto). This bi-
stability is achieved due to the applied back bias which causes impact ionization
and generates holes to compensate for the charge leakage current and

recombination.
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[0005] In a memory array comprising rows and columns of memory cells,
performing an operation on a memory cell may trigger a change in its surrounding
memory cells, a condition often referred to as disturb. There is a continuing need
for improving disturb resistance in memory cells. Two-transistor memory cells, for
example as described in “Capacitorless Twin-Transistor Random Access Memory
(TTRAM) on SOI”, F. Morishita et al, Custom Integrated Circuits Conference,
2005, pp. 435-438, “A configurable enhanced TTRAM macro for system-level
power management unified memory”, F. Morishita et al., Solid-State Circuits, IEEE
Journal of, vol. 42 no. 4 (2007), pp. 853-861, “A high-density scalable twin
transistor RAM (TTRAM) with verify control for SOI platform memory IPs”, K.
Arimoto et al., Solid-State Circuits, IEEE Journal of, vol. 42, no. 11 (2007), pp.
2611-2619, and “A Scalable ET2RAM (SETRAM) with Verify Control for SoC
Platform Memory IP on SOI”, K. Arimoto et al. pp. 429-432, Custom Integrated
Circuits Conference, 2006, which are hereby incorporated herein, in their entireties,

may improve the disturb resistance of the memory cells.

SUMMARY OF THE INVENTION

[0006] The present invention address the continuing need for improving disturb
resistance by providing an improvement of disturb resistance during memory cell
operation by incorporating an access transistor.

[0007] In one aspect of the present invention, a semiconductor memory cell
includes: a bi-stable floating body transistor; and an access device; wherein the bi-
stable floating body transistor and said access device are electrically connected in
series.

[0008] In at least one embodiment, the access device comprises a metal-oxide-
semiconductor transistor.

[0009] In at least one embodiment, the access device comprises a bipolar transistor.

[0010] In at least one embodiment, the access transistor is of the same conductivity
type as the bi-stable floating body transistor.

[0011] In at least one embodiment, the access transistor has a conductivity type
different from a conductivity type of the bi-stable floating body transistor.

[0012] In at least one embodiment, the bi-stable floating body transistor comprises

a buried well region.
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[0013] In at least one embodiment, the bi-stable floating body transistor comprises
a multiple port floating body transistor, and the access device comprises multiple
access transistors.

[0014] In at least one embodiment, the bi-stable floating body transistor comprises
a dual-port floating body transistor, and the access device comprises two access
transistors.

[0015] In another aspect of the present invention, a semiconductor memory cell
includes: a first transistor having a first body; a second transistor having a second
body; a substrate underlying both of the first and second bodies; a buried layer
interposed between the substrate and at least one of the first and second bodies; a
first source region contacting the first body; a first drain region separated from the
first source line region and contacting the first body; a first gate insulated from the
first body; an insulating member insulating the first body from the second body; a
second source region contacting the second body; a second drain region separated
from the second source region and contacting the second body; and a second gate
insulated from the second body.

[0016] In at least one embodiment, the first gate is positioned between the first
source region and the first drain region and the second gate is positioned between
the second source region and the second drain region.

[0017] In at least one embodiment, the first transistor is a floating body transistor
and the second transistor is an access transistor.

[0018] In at least one embodiment, the first body is a floating body and the second
body is a well region electrically connected to the substrate.

[0019] In at least one embodiment, the first drain region is electrically connected to
the second source region.

[0020] In at least one embodiment, the first body has a first conductivity type
selected from p-type conductivity type and n-type conductivity type, wherein the
second body has the first conductivity type, and wherein the first and second source
regions and first and second drain regions each have a second conductivity type
selected from the p-type conductivity type and n-type conductivity type, and
wherein the first conductivity type is different from the second conductivity type.

[0021] In at least one embodiment, the first body is a floating body and the second

body is a well region electrically connected to the buried layer, wherein the first
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body has a first conductivity type selected from p-type conductivity type and n-type
conductivity type, and wherein the second body has a second conductivity type
selected from the p-type conductivity type and n-type conductivity type, and
wherein the first conductivity type is different from the second conductivity type.

[0022] In at least one embodiment, the semiconductor memory cell comprises a
reference cell, the reference cell further comprising: a sense line region spaced
apart from the first source region and the first drain region and contacting the first
body, wherein the first body has a first conductivity type selected from p-type
conductivity type and n-type conductivity type, and wherein the sense line region
has the first conductivity type.

[0023] In at least one embodiment, the first drain region is electrically connected to
the second gate.

[0024] In at least one embodiment, the first transistor is a floating body transistor
and the second transistor is a floating body transistor.

[0025] In at least one embodiment, the first and second floating body transistors are
configured to store complementary charges.

[0026] In at least one embodiment, at least one of the first and second bodies is a
bi-stable floating body.

[0027] In another aspect of the present invention, a semiconductor memory cell
includes: a first transistor having a floating body; a buried layer below the floating
body, wherein application of voltage on the buried layer maintains a state of the
memory cell; and a second transistor; wherein the first and second transistors are
connected in series.

[0028] In another aspect of the present invention, a semiconductor memory cell
includes: a bi-stable floating body transistor; and a floating gate transistor.

[0029] In another aspect of the present invention, a semiconductor memory cell
includes: a first bi-stable floating body transistor; and a second bi-stable floating
body transistor; wherein the first and second floating body transistors are
configured to store complementary charges.

[0030] In another aspect of the present invention, a method of operating a
semiconductor memory cell having a bi-stable floating body transistor and an

access transistor includes: applying voltage to the access transistor to turn on the
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access transistor; and assisting selection of the memory cell for an operation by
activating the access transistor.

[0031] In at least one embodiment, the operation is a read operation comprising
monitoring current through the memory cell to sense a state of the floating body
transistor.

[0032] In at least one embodiment, the operation is a write logic-1 operation,
wherein the voltage applied to the access transistor is a positive bias applied to a bit
line terminal of the access transistor, and wherein the access transistor passes the
positive bias to a drain region of the floating body transistor.

[0033] In at least one embodiment, the method further includes further biasing the
floating body transistor to maximize hole generation through an impact ionization
mechanism.

[0034] In at least one embodiment, the voltage applied to the access transistor is
biased to cause a source region of the access transistor to float, the method further
comprising increasing potential of a floating body of the floating body transistor by
capacitive coupling.

[0035] In at least one embodiment, the operation is a write logic-0 operation,
wherein the voltage applied to the access transistor is a negative bias, and wherein
the access transistor passes the negative bias to a drain region of the floating body
transistor.

[0036] In at least one embodiment, the operation is an active low read operation.

[0037] In at least one embodiment, the operation is an active low write logic-1
operation.

[0038] In at least one embodiment, the operation is a read operation comprising
monitoring current through the memory cell to sense a state of the floating body
transistor; and wherein the voltage applied to turn on the access transistor is zero
voltage.

[0039] In at least one embodiment, the operation is a write logic-1 operation,
wherein the voltage applied to the access transistor comprises applying zero voltage
to a word line terminal of the access transistor, and the write logic-1 operation is
performed by a band-to-band tunneling mechanism.

[0040] In at least one embodiment, the operation is a write logic-1 operation,

wherein the voltage applied to the access transistor comprises applying zero
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voltage to a word line terminal of the access transistor, and the write logic-1
operation is performed by through an impact ionization mechanism.

[0041] In at least one embodiment, the operation is a write logic-1 operation, and
the voltage applied to the access transistor is a positive voltage biased to cause a
source region of the access transistor to float, the method further comprising
increasing potential of a floating body of the floating body transistor by capacitive
coupling.

[0042] In at least one embodiment, the operation is a write logic-0 operation,
wherein the voltage applied to the access transistor is a positive bias applied to a
word line terminal of the access transistor.

[0043] In at least one embodiment, the operation is a write logic-0 operation,
wherein the voltage applied to the a word line terminal of the access transistor is a
negative bias that is more negative than a negative bias applied to a drain region of
the floating body transistor.

[0044] These and other features of the invention will become apparent to those
persons skilled in the art upon reading the details of the memory devices and

methods as more fully described below.

BRIEF DESCRIPTION OF THE DRAWINGS
[0045] Fig. 1A schematically illustrates a memory cell which comprises memory
device and an access device that are connected in series, according to a generic
embodiment of the present invention.
[0046] Fig. 1B schematically illustrates an equivalent circuit representation of the
memory cell of Fig. 1A, where the memory device is a bi-stable floating body

device, according to an embodiment of the present invention.

[0047] Fig. 2A is a schematic illustration of a memory cell according to the present
invention.
[0048] Fig. 2B is a schematic illustration of a memory cell in which the drain

region of the floating body transistor and the source region of the access transistor
are connected through separate conductive elements, according to another
embodiment of the present invention.

[0049] Fig. 2C is a schematic illustration of a memory cell according to an

embodiment of the present invention.
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[0050] Fig. 3A is an equivalent circuit representation of a portion of a memory cell
of Fig. 2A or Fig. 2B according to an embodiment of the present invention.

[0051] Fig. 3B is an equivalent circuit representation of a bipolar device of the
floating body transistor of Fig. 2A or 2B, formed by the source line region, floating
body region, and the drain region, according to an embodiment of the present
invention.

[0052] Fig. 4A schematically illustrates a memory cell according to another
embodiment of the present invention.

[0053] Fig. 4B schematically illustrates a cross-sectional view of a memory cell,
where the access device is a bipolar transistor of the type described with regard to
Fig. 4A, according to an embodiment of the present invention.

[0054] Fig. 5 schematically illustrates multiple cells of the type shown in Figs. 3A-
3B joined to make a memory array, according to an embodiment of the present
invention.

[0055] Fig. 6 schematically illustrates multiple cells of the type shown in Figs. 3A-
3B joined to make a memory array according to another embodiment of the present
invention.

[0056] Fig. 7 schematically illustrates a holding operation performed on a memory
array according to an embodiment of the present invention.

[0057] Fig. 8 illustrates exemplary bias conditions applied on the terminals of a
memory cell of the array of Fig. 7.

[0058] Fig. 9A shows an energy band diagram characterizing an intrinsic bipolar
device when a floating body region is positively charged and a positive bias is
applied to a buried well region of a memory cell according to an embodiment of the
present invention.

[0059] Fig. 9B shows an energy band diagram of an intrinsic bipolar device when a
floating body region is neutrally charged and a positive bias is applied to a buried
well region of a memory cell according to an embodiment of the present invention.

[0060] Fig. 9C shows a graph of the net current I flowing into or out of a floating
body region as a function of the potential V of the floating body, according to an
embodiment of the present invention.

[0061] Fig. 9D shows a schematic curve of a potential energy surface (PES) of a

memory cell according to an embodiment of the present invention.
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[0062] Fig. 9F illustrates a charge stored in a floating body region of a memory cell
as a function of a potential applied to a buried well region, connected to a BW
terminal, according to an embodiment of the present invention.

[0063] Fig. 10 schematically illustrates an alternative holding operation performed
on a memory array according to an embodiment of the present invention.

[0064] Fig. 11 illustrates exemplary bias conditions applied on the terminals of a
memory cell of the array of I'ig. 10.

[0065] Fig. 12 schematically illustrates a read operation performed on a memory
array according to an embodiment of the present invention.

[0066] Fig. 13 illustrates bias conditions applied on the terminals of a memory cell
to perform a read operation.

[0067] Fig. 14 schematically illustrates a write logic-1 operation performed on a
memory array according to an embodiment of the present invention.

[0068] Fig. 15 illustrates bias conditions applied on the terminals of a memory cell
to perform a write logic-1 operation.

[0069] Fig. 16 schematically illustrates an alternative write logic-1 operation
performed on a memory array according to an embodiment of the present invention.

[0070] Fig. 17 illustrates bias conditions applied on the terminals of a memory cell
to perform an alternative write logic-1 operation.

[0071] Fig. 18 schematically illustrates an alternative write logic-1 operation
through capacitive coupling performed on a memory array according to an
embodiment of the present invention.

[0072] Fig. 19 illustrates bias conditions applied on the terminals of a memory cell
to perform an alternative write logic-1 operation through capacitive coupling.

[0073] Fig. 20 schematically illustrates a write logic-0 operation performed on a
memory array according to an embodiment of the present invention.

[0074] Fig. 21 illustrates bias conditions applied on the terminals of a memory cell
to perform a write logic-0 operation.

[0075] Fig. 22 schematically illustrates an alternative write logic-0 operation
performed on a memory array according to an embodiment of the present invention.

[0076] Fig. 23 illustrates bias conditions applied on the terminals of a memory cell

to perform an alternative write logic-0 operation.
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[0077] Fig. 24 schematically illustrates an active-low read operation performed on
a memory array according to an embodiment of the present invention.

[0078] Fig. 25 schematically illustrates an active-low write logic-1 operation
performed on a memory array according to an embodiment of the present invention.

[0079] Figs. 26 and 27 schematically illustrate cross-sectional schematic
illustrations of a fin-type memory cell device according to an embodiment of the
present invention.

[0080] Fig. 28 is a schematic illustration of a memory cell according to another
embodiment of the present invention.

[0081] Figs. 29A and 29B are schematic, cross-sectional illustrations of a memory
cell according to another embodiment of the present invention.

[0082] Fig. 30 schematically illustrates an equivalent circuit representation of the
memory cells shown in Figs. 29A-29B.

[0083] Fig. 31 schematically illustrates a bipolar device inherent in memory
devices of Figs. 29A-29B.

[0084] Fig. 32 schematically illustrates multiple cells of the type shown in Figs.
29A-29B joined to make a memory array.

[0085] Fig. 33 schematically illustrates a holding operation performed on a memory
array according to an embodiment of the present invention.

[0086] Fig. 34 schematically illustrates an alternative holding operation performed
on a memory array according to an embodiment of the present invention.

[0087] Fig. 35 schematically illustrates a read operation performed on a memory
array according to an embodiment of the present invention.

[0088] Fig. 36 schematically illustrates a write logic-1 operation using band-to-
band tunneling mechanism performed on a memory array according to an
embodiment of the present invention.

[0089] Fig. 37 schematically illustrates a write logic-1 operation using impact
ionization mechanism performed on a memory array according to an embodiment
of the present invention.

[0090] Fig. 38 schematically illustrates a write logic-1 operation through capacitive
coupling performed on a memory array according to an embodiment of the present

invention.



WO 2013/123415 PCT/US2013/026466
10

[0091] Fig. 39 schematically illustrates a write logic-0 operation performed on a
memory array according to an embodiment of the present invention.

[0092] Fig. 40 schematically illustrates an alternative write logic-0 operation
performed on a memory array according to an embodiment of the present invention.

[0093] Fig. 41 is a schematic, cross-sectional illustration of a memory cell which
can be used as a reference cell in sensing the state of a floating body memory cell
according to an embodiment of the present invention.

[0094] Fig. 42 schematically illustrates a memory array comprising multiple cells
of the type shown in Figs. 2A-2C and a reference cell of the type shown in Fig. 41.

[0095] Fig. 43A is a schematic illustration of a top view of a reference cell
according to another embodiment of the present invention.

[0096] Figs. 43B and 43C are schematic, cross-sectional illustrations of the cell of
Fig. 43A taken along the [-I’ and II-II’ cut lines, respectively.

[0097] Fig. 44 schematically illustrates a memory array comprising multiple cells
of the type shown in Figs. 2A-2C and a reference cell of the type shown in Figs.
43A-43C.

[0098] Fig. 45 is a schematic, cross-sectional illustration of a memory cell
according to an embodiment of the present invention.

[0099] Fig. 46 schematically illustrates a memory array comprising multiple cells
of the type shown in Fig. 45.

[00100] Fig. 47 schematically illustrates a read operation performed on a memory
array according to an embodiment of the present invention.

[00101] Fig. 48 schematically illustrates a write logic-1 operation using band-to-
band tunneling mechanism performed on a memory array according to an
embodiment of the present invention.

[00102] Fig. 49 schematically illustrates a write logic-0 operation performed on a
memory array according to an embodiment of the present invention.

[00103] Fig. 50 is a schematic, cross-sectional illustration of a memory cell
according to an embodiment of the present invention.

[00104] Fig. 51 schematically illustrates a memory array comprising multiple cells
of the type shown in Fig. 50.

[00105] Fig. 52 is a schematic, top view illustration of a memory cell of the type

shown in Fig. 50.
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[00106] Fig. 53 is a schematic illustration of a dual-port memory cell in which a
dual-port floating body transistor is connected in series to two access transistors,

according to another embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[00107] Before the present memory 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.

[00108] Where a range of values is provided, it is 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 are also included in the invention.

[00109] Unless defined otherwise, all technical 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 connection with which the publications are
cited.

[00110] 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
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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.

[00111] 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.

[00112] Fig. 1A schematically illustrates a memory cell 50 according to an
embodiment of the present invention, which comprises memory device S0M and
access device 50A, that are connected in series. Memory cell 50 is a generic
representation of a memory cell comprising a memory device and access device as
described, and generically represents more specific embodiment described herein,
such as 100, 100B, 102, 104, 100R1, 100R2, 200, 300, and 500. Memory device
50M functions to store the state of the memory cell 50, and is accessed through the
access device S0A. The access device S0A is connected to terminals, for example
the word line terminal 72 and the bit line terminal 76 as shown in Fig. 1A, which
are used to select a memory cell 50 in a memory array comprising a plurality of
rows and columns of memory cells 50. In a series connection, such as in memory
device 50M and access device 50A, the same current flows through each of the
device. Therefore, the access device S0A can be used to turn-off or deselect an
unselected memory cell 50 during read or write operations.

[00113] Fig. 1B illustrates a memory cell 50 according to an embodiment of the
present invention, where memory device S0M is a bi-stable floating body device,
for example as described in U.S. Patent Application Publication No.
2010/00246284 to Widjaja et al., titled “Semiconductor Memory Having Floating
Body Transistor and Method of Operating” (“Widjaja-17), U.S. Patent Application
Publication No. 2010/0034041, “Method of Operating Semiconductor Memory
Device with Floating Body Transistor Using Silicon Controlled Rectifier Principle”
(“Widjaja-2”), U.S. Patent Application Publication No. 2012/0217549,
“Asymmetric Semiconductor Memory Device Having Electrically Floating Body
Transistor” (“Widjaja-37), and U.S. Patent Application No. 13/746,523, “Memory
Device Having Electrically Floating Body” (“Widjaja-4”), which are all hereby
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incorporated herein, in their entireties, by reference thereto), and where access
device 50A is a metal-oxide-semiconductor (MOS) transistor.

[00114] A schematic cross-sectional view of a memory device 100 according to an
embodiment of the present invention is shown in Fig. 2A. Memory device 100
comprises two transistors: transistor 40 having an electrically floating body 24 and
access transistor 42. Memory cell 100 includes a substrate 10 of a first conductivity
type such as p-type, for example. Substrate 10 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 10 can be the bulk material of the semiconductor wafer. In
other embodiments, substrate 10 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 10 will usually be drawn as the semiconductor bulk
material as it is in Fig. 2A.

[00115] Floating body transistor 40 also comprises a buried layer region 30 of a
second conductivity type, such as n-type, for example; a floating body region 24 of
the first conductivity type, such as p-type, for example; and source/drain regions 16
and 18 of the second conductivity type, such as n-type, for example.

[00116] Buried layer 30 may be formed by an ion implantation process on the
material of substrate 10. Alternatively, buried layer 30 can be grown epitaxially on
top of substrate 10.

[00117] The floating body region 24 of the first conductivity type is bounded on top
by surface 14, source line region 16, drain region 18, and insulating layer 62, on the
sides by insulating layer 26, and on the bottom by buried layer 30. Floating body
24 may be the portion of the original substrate 10 above buried layer 30 if buried
layer 30 is implanted. Alternatively, floating body 24 may be epitaxially grown.
Depending on how buried layer 30 and floating body 24 are formed, floating body
24 may have the same doping as substrate 10 in some embodiments or a different
doping, if desired in other embodiments.

[00118] A gate 60 is positioned in between the source line region 16 and the drain

region 18, above the floating body region 24. The gate 60 is insulated from the
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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, hafnium 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.

[00119] 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 insulate floating body transistor 40 from adjacent
floating body transistor 40 and adjacent access transistor 42. The bottom of
insulating layer 26 may reside inside the buried region 30 allowing buried region 30
to be continuous as shown in Fig. 2A. Alternatively, the bottom of insulating layer
26 may reside below the buried region 30 as shown in Fig. 2C. This requires a
shallower insulating layer 28, which insulates the floating body region 24, but
allows the buried layer 30 to be continuous in the perpendicular direction of the
cross-sectional view shown in Fig. 2C. Tor simplicity, only memory cell 100 with
continuous buried region 30 in all directions will be shown from hereon.

[00120] Access transistor 42 comprises a well region 12 of the first conductivity
type, such as p-type, source region 20 and bit line region 22 of the second
conductivity type, such as n-type. The well region 12 of the first conductivity type
is electrically connected to the substrate region 10, and is therefore not floating. A
gate 64 is positioned in between the source region 20 and the bit line region 22.
The gate 64 is insulated from the well region 12 by an insulating layer 66.
Insulating layer 66 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, hafnium oxide, and/or aluminum oxide. The gate
64 may be made of, for example, polysilicon material or metal gate electrode, such
as tungsten, tantalum, titanium and their nitrides.

[00121] The drain region 18 of the floating body transistor 40 is connected to the
source region 20 of the access transistor 42 through a conductive element 94.
Conductive element 90 connects the source line region 16 of the floating body
transistor 40 (which may be referred to as the source line region 16 of the memory

device 100 interchangeably) to the source line (SL) terminal 74, while conductive
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element 92 connects the bit line region 22 of the access transistor (which may be
referred to as the bit line region 22 of the memory device 100 interchangeably) to
the bit line (BL) terminal 76. The conductive elements 90, 92, and 94 may be
formed of, but not limited to, tungsten or silicided silicon.

[00122] In addition to the SL terminal 74 and BL terminal 76, memory cell 100 also
includes word line 1 (WL1) terminal 70, which is electrically connected to the gate
60 of the floating body transistor 40, word line 2 (WL2) terminal 72, which is
electrically connected to the gate 64 of the access transistor 42, buried well (BW)
terminal 78, which is electrically connected to the buried well region 30 of the
floating body transistor 40, and substrate (SUB) terminal 80, which is connected to
the substrate region 10.

[00123] In an alternative embodiment illustrated in Fig. 2B, the drain region 18 of
the floating body transistor 40 and the source region 20 of the access transistor may
be connected through separate conductive elements 94a and 94b, which may then
be connected using another conducting material, such as aluminum or copper metal
(not shown in Fig. 2B).

[00124] Fig. 3A illustrates the equivalent circuit representation of the memory
device 100, showing the floating body transistor 40, formed by the source line
region 16, drain region 18, and the gate 60, and access transistor 42, formed by the
source region 20, the bit line region 22, and the gate 64, connected in series.
Inherent in the floating body transistor 40 is bipolar device 44, formed by the
buried well region 30, the floating body region 24, and the source line region 16,
and bipolar device 46, formed by the buried well region 30, the floating body
region 24, and the drain region 18.

[00125] Also inherent in floating body transistor 40 is bipolar device 48, formed by
the source line region 16, floating body region 24, and the drain region 18. For
drawings clarity, bipolar device 48 is shown separately in Fig. 3B.

[00126] Fig. 4A illustrates memory cell 50 according to another embodiment of the
present invention, where memory device 50M is a bi-stable floating body device
and access device S0A is a bipolar transistor.

[00127] Fig. 4B illustrates a schematic cross-sectional view of memory cell 100B,
which is an exemplary implementation of memory cell 50 described in Fig. 4A.. In

the exemplary memory cell 100B, the state of the memory cell 100B is stored in the
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floating body transistor 40 (which corresponds to the memory device S0M in Fig.
4A) and the bipolar transistor 42B functions as the access device (which
corresponds to the access device 50A in Fig. 4A). Bipolar transistor 42B (a
specific embodiment of the generic representation of transistor S0A in Fig. 4A and
more generally the access transistor S0A in Fig. 1A), formed by the source region
20, the well region 12, and the drain region 22, serves as the access device of the
memory cell 100B. The gate electrode 64 (connected to the WL2 terminal 72) is
not insulated from the well region 12, and serves as the base terminal of the bipolar
transistor 42B.

[00128] A memory array comprising a plurality of the memory cells 100 as
illustrated in Figs. 3A-3B (as an exemplary implementation of memory cell 50
shown in Fig. 1A) along with the memory cells operation will be described. For
simplicity, most of the descriptions that follow will use a MOS transistor as an
example of the access device SOA. However, it should be understood that the
operations of the memory cells 50 using a bipolar transistor as the access device
follows the same principles.

[00129] Fig. 5 shows an exemplary memory array 120 of memory cells 100
(including four exemplary instances of memory cell 100 being labeled as 100a,
100b, 100c, and 100d) arranged in rows and columns. In many, but not all, of the
figures where exemplary array 120 appears, representative memory cell 100a will
be representative of a “selected” memory cell 100 when the operation being
described has one (or more in some embodiments) selected memory cells 100. In
such figures, representative memory cell 100b will be representative of an
unselected memory cell 100 sharing the same row as selected representative
memory cell 100a, representative memory cell 100c will be representative of an
unselected memory cell 100 sharing the same column as selected representative
memory cell 100a, and representative memory cell 100d will be representative of a
memory cell 100 sharing neither a row or a column with selected representative
memory cell 100a.

[00130] Present in Fig. 5 are WL1 terminals 70a through 70n, WL2 terminals 72a
through 72n, SL terminals 74a through 74n, BW terminals 78a through 78n, SUB
terminals 80a through 80n, and BL terminals 76a through 76p. Each of the WLI,

WL2, SL, and BW terminals are shown associated with a single row of memory
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cells 100 and each of the BL terminals 76 is associated with a single column of
memory cells 100. Persons of ordinary skill in the art will appreciate that many
other organizations and layouts of memory array 120 are possible, for example,
only one common SUB terminal 80 is present throughout a segment of the memory
array 120 or throughout the entire memory array 120. Similarly, other terminals
may be segmented or buffered, while control circuits such as word decoders,
column decoders, segmentation devices, sense amplifiers, write amplifiers, etc.,
may be arrayed around array 120 or inserted between sub-arrays of array 120. Thus
the exemplary embodiments, features, design options, etc., described are not
limiting in any way.

[00131] Fig. 6 shows an alternative array 122 where memory cells 100 are laid out in
mirror configuration, where the source line region 16 (connected to the SL
terminals 74) of one memory cell 100 is adjacent to a source line region 16 of a
neighboring cell 100 with the bit line region 22 (connected to the BL terminals 76)
being adjacent to the bit line region 22 of another neighboring cell 100, according
to an embodiment of the present invention.

[00132] Several operations can be performed to memory cell 100, such as: holding,
read, write logic-1 and write logic-0 operations.

[00133] Figs. 7 and § illustrate a holding operation being performed on memory
array 120 and on a selected memory cell 100, respectively. The holding operation
is performed by applying a positive back bias to the BW terminal 78, zero or low
negative bias on the WL1 terminal 70 and WL2 terminal 72 to turn-off the channel
regions of the floating body transistor 40 and the access transistor 42, and zero bias
on the SL terminal 74, SUB terminal 80, and BL terminal 76. The positive back
bias applied to the buried layer region 30 connected to the BW terminal 78 will
maintain the state of the memory cell 100 that it is connected to by maintaining the
charge stored in the floating body region 24 of the corresponding floating body
transistor 40.

[00134] In one embodiment the bias conditions for the holding operation for
memory cell 100 are: 0.0 volts is applied to WL1 terminal 70, WL2 terminal 72, SL
terminal 74, BL terminal 76, and SUB terminal 78, and a positive voltage like, for

example, +1.2 volts is applied to BW terminal 78. In other embodiments, different
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voltages may be applied to the various terminals of memory cell 100 as a matter of
design choice and the exemplary voltages described are not limiting in any way.

[00135] From the equivalent circuit representation of memory cell 100 shown in Fig.
3, inherent in the floating body transistor 40 of the memory cell 100 are bipolar
devices 44 and 46, with the band diagram of the bipolar device 44 shown in Figs.
9A and 9B.

[00136] Fig. 9A shows the band diagram of the bipolar device 44 when the floating
body region 24 is positively charged and a positive bias is applied to the buried
region 30. The energy band diagram of the bipolar device 46 is similar to the one
shown in Fig. 9A, with the drain region 18 replacing the source line region 16. The
dashed lines indicate the Fermi levels in the various regions of the bipolar device
44. 'The Fermi level is located in the band gap between the solid line 27 indicating
the top of the valence band (the bottom of the band gap) and the solid line 29
indicating the bottom of the conduction band (the top of the band gap) as is well
known in the art. If floating body 24 is positively charged, a state corresponding to
logic-1, the bipolar transistors 44 and 46 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 30 (connected to BW terminal 78) due to the positive
bias applied to the buried well region 30. 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 78 while the resulting hot holes will
subsequently flow into the floating body region 24. When the following condition
ismet: f x (M - 1) = 1 — where B is the forward common-emitter current gain of the
bipolar transistor 44 or 46 and M is the impact ionization coefficient — the amount
of holes injected into the floating body region 24 compensates for the charge lost
due to p-n junction forward bias current between the floating body region 24 and
the source line region 16 or bit line region 18 and due to holes recombination. As a
result of a positive-feedback mechanism, this process maintains the charge (i.e.
holes) stored in the floating body region 24 which will keep the n-p-n bipolar
transistors 44 and 46 on for as long as a positive bias is applied to the buried well

region 22 through BW terminal 78.
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[00137] The region where the product B x (M - 1) approaches 1 and is characterized
by hole current moving into the base region of a bipolar transistor is sometimes
referred to as the reverse base current region and has been described for example in
“A New Static Memory Cell Based on Reverse Base Current (RBC) Effect of
Bipolar Transistor”, K. Sakui et al., pp. 44-47, International FElectron Devices
Meeting, 1988 (“Sakui-17), “A New Static Memory Cell Based on the Reverse
Base Current Effect of Bipolar Transistors”, K. Sakui et al., pp. 1215-1217, IEEE
Transactions on Electron Devices, vol. 36, no. 6, June 1989 (“Sakui-2”), “On
Bistable Behavior and Open-Base Breakdown of Bipolar Transistors in the
Avalanche Regime — Modeling and Applications”, M. Reisch, pp. 1398-1409, IEEE
Transactions on Electron Devices, vol. 39, no. 6, June 1992 (“Reisch™), which are
hereby incorporated herein, in their entireties, by reference thereto.

[00138] The latching behavior based on the reverse base current region has also been
described in a biristor (i.e. bi-stable resistor) for example in “Bistable resistor
(Biristor) — Gateless Silicon Nanowire Memory”, J.-W. Han and Y.-K. Choi, pp.
171-172, 2010 Symposium on VLSI Technology, Digest of Technical Papers, 2010
“(“J.-W. Han™), which is hereby incorporated herein, in its entirety, by reference
thereto. In a two-terminal biristor device, a refresh operation is still required. J.-W.
Han describes a 200ms data retention for the silicon nanowire biristor memory. In
memory cell 100, the state of the memory cell is maintained due to the vertical
bipolar transistors 44 and 46, while the remaining cell operations (i.e. read and
write operations) are governed by the lateral bipolar transistor 48 and MOS
transistor 40. Hence, the holding operation does not require any interruptions to the
memory cell 100 access.

[00139] If floating body 24 is neutrally charged (the voltage on floating body 24
being equal to the voltage on grounded source line region 16), a state corresponding
to logic-0, no current will flow through bipolar transistors 44 and 46. The bipolar
devices 44 and 46 will remain off and no impact ionization occurs. Consequently
memory cells in the logic-0 state will remain in the logic-0 state.

[00140] Fig. 9B shows the energy band diagram of the intrinsic bipolar device 44
when the floating body region 24 is neutrally charged and a bias voltage is applied
to the buried well region 30. In this state the energy level of the band gap bounded

by solid lines 27A and 29A is different in the various regions of bipolar device 44.
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Because the potential of the floating body region 24 and the source line region 16 is
equal, the Fermi levels are constant, resulting in an energy barrier between the
source line region 16 and the floating body region 24. Solid line 23 indicates, for
reference purposes, the energy barrier between the source line region 16 and the
floating body region 24. The energy barrier prevents electron flow from the source
line region 16 (connected to SL terminal 74) to the floating body region 24. Thus
the bipolar device 44 will remain off.

[00141] An autonomous refresh for a floating body memory, without requiring to
first read the memory cell state, has been described for example in “Autonomous
Refresh of Floating Body Cell (FBC)”, Ohsawa et al., pp. 801-804, International
Electron Device Meeting, 2008 (“Ohsawa™), US 7,170,807 “Data Storage Device
and Refreshing Method for Use with Such Device”, Fazan et al. (“Fazan”), which
are hereby incorporated herein, in their entireties, by reference thereto. Ohsawa
and Fazan teach an autonomous refresh method by applying periodic gate and drain
voltage pulses, which interrupt access to the memory cells being refreshed. In
memory cell 100, more than one stable state is achieved because of the vertical
bipolar transistors 44 and 46. The read and write operations of the memory cell
100 are governed by the lateral bipolar transistor 48 and MOS transistor 40. Hence,
the holding operation does not require any interruptions to the memory cell 100
access.

[00142] In the holding operation described in Fig. 7, there is no individually selected
memory cell. Rather cells are selected in rows by the buried well terminals 78a
through 78n and may be selected as individual rows, as multiple rows, or as all of
the rows comprising array 120.

[00143] Fig. 9C shows a graph of the net current I flowing into or out of the floating
body region 24 as a function of the potential V of the floating body 24 (not drawn
to scale). A negative current indicates a net current flowing into the floating body
region 24, while a positive current indicates a net current flowing out of the floating
body region 24. At low floating body 24 potential, between OV and Vg indicated
in Fig. 9C, the net current is flowing into the floating body region 24 as a result of
the p-n diode formed by the floating body region 24 and the buried well region 30
being reverse biased. If the value of the floating body 24 potential is between Vepo

and Vs, the current will switch direction, resulting in a net current flowing out of
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the floating body region 24. This is because of the p-n diode, formed by the
floating body region 24 and the buried well region 30, being forward biased as the
floating body region 24 becomes increasingly more positive. As a result, if the
potential of the floating body region 24 is less than Vg, then at steady state the
floating body region 24 will reach Vpgy. If the potential of the floating body region
24 is higher than Vg, the current will switch direction, resulting in a net current
flowing into the floating body region 24. This is as a result of the base current
flowing into the floating body region 24 being greater than the p-n diode leakage
current. When the floating body 24 potential is higher than Vg, the net current
will be out of the floating body region 24. This is because the p-n diode leakage
current is once again greater than the base current of the bipolar devices 44 and 46.

[00144] The holding operation results in the floating body memory cell having two
stable states: the logic-0 state and the logic-1 state separated by an energy barrier,
which are represented by Vgpo, Vpsi1, and Vrs, respectively. Fig. 9D shows a
schematic curve of a potential energy surface (PES) of the memory cell 100, which
shows another representation of the two stable states resulting from applying a back
bias to the BW terminal 78 (connected to the buried well region 30).

[00145] The values of the floating body 24 potential where the current changes
direction, i.e. Vrpo, Vrpi1, and Vs, can be modulated by the potential applied to the
BW terminal 78. These values are also temperature dependent.

[00146] 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 Vg as the junction leakage
current to regions 16 and 18 increases exponentially at floating body potential
greater than Veg. However, by applying a positive voltage to BW 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 Vyc stored in floating body
24 can be increased by applying a positive bias to the BW terminal 78 as shown in
Fig. 9E. The increase in the maximum charge stored in the floating body 24 results

in a larger memory window.
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[00147] Floating body DRAM cells described in Ranica-1, Ranica-2, Villaret, and

Figs.

Pulicani only exhibit one stable state, which is often assigned as logic-0 state.
Villaret describes the intrinsic bipolar transistors enhance the data retention of
logic-1 state, by drawing the electrons which otherwise would recombine with the
holes stored in the floating body region. However, only one stable state is observed
because there is no hole injection into the floating body region to compensate for
the charge leakage and recombination.

10 and 11 illustrate an alternative holding operation performed on memory array
120 and a selected memory cell 100, respectively. The holding operation is
performed by applying a positive back bias to the SUB terminal 80, zero or small
negative bias on the WL1 terminal 70 and WL2 terminal 72 to turn-off the channel
of the floating body transistor 40 and the access transistor 42, zero bias on SL
terminal 74, BL terminal 76, while leaving the BW terminal 78 floating. Under
these conditions, if the memory cell 100 is in logic-1 state having a positive charge
stored in the floating body region 24, the intrinsic silicon controlled rectifier (SCR)
of memory cell 100, formed by the substrate 10, buried well region 30, floating
body region 24, and the source line region 16 or the drain region 18, is turned on,
thereby maintaining the positive charge on the floating body region 24. Memory
cells in logic-0 state will remain in blocking mode, since the voltage of the floating
body region 24 is not substantially positive and therefore floating body 24 does not
turn on the SCR device. Accordingly, current does not flow through the SCR
device and memory cell 100 maintains the logic-0 state. In this holding operation,
all memory cells 100 commonly connected to the same SUB terminal will be

maintained to accurately hold their data states.

[00148] In one embodiment, the following bias conditions are applied for the

alternative holding operation: 0.0 volts is applied to WL1 terminal 70, WL2
terminal 72, SL.2 terminal 74, BL terminal 76; a positive voltage like, for example,
+1.2 volts is applied to SUB terminal 80; while the BW terminal 78 is left floating.
In other embodiments, different voltages may be applied to the various terminals of
memory cell 100 as a matter of design choice and the exemplary voltages described
are not limiting in any way. Alternatively, the BW terminal 78 may be eliminated

from the array 120, leaving the buried well region 30 floating.
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[00149] Applications of the back bias, either through the BW terminal 78 as shown
in Figs. 7 and 8, or to the SUB terminal 80 as shown in Figs. 10 and 11, result in
two stable floating body 24 states (for example as described in Widjaja-1, Widjaja-
2, Widjaja-3, and Widjaja-4). A bistable behavior of bipolar transistors has also
been described for example in “Bistable Behavior and Open-Base Breakdown of
Bipolar Transistors”, M. Reisch, pp. 1398-1409, IEEE Transactions on Electron
Devices, vol. 39, no. 6, June 1992 (“Reisch™), which is hereby incorporated herein,
in its entirety by reference thereto. Reisch and Sakui both describe a double-poly
BiCMOS SRAM cell, which employs one bipolar transistor and one MOS
transistor. This in contrast with where a floating body transistor operates as a
capacitorless DRAM, with only one stable floating body 24 state in a memory cell
(for example as described in “A Capacitor-less 1T-DRAM Cell”, S. Okhonin et al.,
pp- 85-87, IEEE Electron Device Letters, vol. 23, no. 2, February 2002 (“Okhonin-
17), “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"), “Further Insight Into the Physics and
Modeling of Floating-Body Capacitorless DRAMs”, A. Villaret et al., pp. 2447-
2454, IEEE Transactions on Electron Devices, vol. 52, no. 11, November 2005
(“Villaret™), “Scaled 1T-Bulk Devices Built with CMOS 90nm Technology for
Low-cost eDRAM Applications”, R. Ranica, et al., pp. 38-41, Tech. Digest,
Symposium on VLSI Technology, 2005 (“Ranica™), and “Simulation of Intrinsic
Bipolar Transistor Mechanisms for future capacitor-less eDRAM on bulk
substrate”, R. Pulicani et al., pp. 966-969, 2010 17th IEEE International Conference
on Electronics, Circuits, and Systems, December 2010 (“Pulicani”), which are
hereby incorporated herein, in their entireties, by reference thereto).

[00150] The read operation of the memory cell 100 and array 120 will be described
in conjunction with Figs. 12 and 13. Any sensing scheme known in the art can be
used with memory cell 100. The amount of charge stored in the floating body 24
can be sensed by monitoring the cell current of the memory cell 100. If memory
cell 100 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 76 to

SL terminal 74), compared to if cell 100 is in a logic-0 state having no holes in
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floating body region 24. A sensing circuit typically connected to BL. terminal 76
can then be used to determine the data state of the memory cell.

[00151] A read operation for example can be performed on memory cell 100 by
applying the following bias conditions. A positive voltage is applied to the WL2
terminal 72, which turns on the access transistor 42, a positive voltage is applied to
the BL terminal 76, zero voltage is applied to the SL terminal 74, zero or positive
voltage is applied to the BW terminal 78, and zero voltage is applied to the SUB
terminal 80. Positive voltage may also be applied to the WL1 terminal 70 to further
enhance the current flowing through the memory cell 100, from the BL terminal 76
to the SL terminal 74. If memory cell 100 is in a logic-1 state having holes in the
floating body region 24, then a higher current will flow from the BL terminal 76 to
the SL terminal 74 of the selected memory cell 100, compared to if memory cell
100 is in a logic-0 state having no holes in the floating body region 24. In one
particular embodiment, +1.2 volts is applied to the WL1 terminal 70, WL2 terminal
72, BL terminal 76, BW terminal 78, 0.0 volts is applied to the SL terminal 74 and
SUB terminal 80. In other embodiments, different voltages may be applied to the
various terminals of memory cell 100 as a matter of design choice and the
exemplary voltages described are not limiting in any way.

[00152] The access transistor 42 is used to assist the selection of the memory cell
100 during a read operation. Because the access transistor 42 of the unselected
memory cells in different rows (e.g. memory cells 100c and 100d) are turned off;, it
will not pass the positive voltage applied to the BL terminal 76 to the drain region
18 of the floating body transistor 40. As a result, no current will flow through the
floating body transistor 40 of the unselected memory cells in different rows.

[00153] The unselected memory cells in different columns (e.g. memory cells 100b
and 100d) will not conduct current since zero bias is applied to both the BL
terminal 76 and SL terminal 74.

[00154] Figs. 14 and 15 illustrate an exemplary write logic-1 operation using band-
to-band tunneling mechanism, where the following bias conditions are applied: a
positive bias is applied to WL2 terminal 72, which turns on the access transistor 42
of the selected memory cell 100, a negative bias is applied to the WL1 terminal 70,
a positive bias is applied to the BL terminal 76, zero bias is applied to the SL

terminal 74, zero or positive bias is applied to the BW terminal 78, and zero bias is
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applied to the SUB terminal 80.

[00155] In one particular non-limiting embodiment, about +1.2 volts is applied to the
selected WL2 terminal 72, about -1.2 volts is applied to the selected WL1 terminal
70, about +1.2 volts is applied to the selected BL terminal 76, about +1.2 volts is
applied to the selected BW terminal 78, and about 0.0 volts is applied to the SUB
terminal §0.

[00156] The positive bias applied to the WL2 terminal 72 will turn on the access
transistor 42, which will pass the positive bias applied to the BL terminal 76 to the
drain region 18 of the floating body transistor 40. The positive bias now present on
the drain region 18 of the floating body transistor 40, along with the negative
voltage applied to the WL1 terminal 70 (connected to the gate 60), will create a
strong electric field around the junction area of the drain region 18 in the proximity
of the gate 60. The strong electric field bends the energy band sharply upward near
the gate 60 and drain region 18 junction overlap region, causing electrons to tunnel
from the valence band of the floating body region 24 to the conduction band of the
drain region 18, leaving holes in the valence band of the floating body region 24.
The electrons which tunnel across the energy band become the drain region 18
leakage current, while the holes are injected into floating body region 24 and
become the hole charge that creates the logic-1 state.

[00157] Figs. 16 and 17 illustrate exemplary bias conditions for a write logic-1
operation through an impact ionization mechanism, performed on the memory array
120 and a selected memory cell 100, respectively, where the following bias
conditions are applied: a positive voltage is applied to the selected WL2 terminal
72, a positive voltage is applied to the selected WL1 terminal 70, a positive voltage
is applied to the selected BL. terminal 76, zero voltage is applied to the SL terminal
74, zero or positive voltage is applied to the BW terminal 78, and zero voltage is
applied to the SUB terminal 80. The positive voltage applied to the WL1 terminal
70 and the BL terminal 76 is configured to maximize hole generation through the
impact ionization process, where the voltage on the drain region 18 of the floating
body transistor 40 is typically greater than the voltage applied to the gate 60
(connected to the WL1 terminal 70) of the floating body transistor 40.

[00158] In one particular non-limiting embodiment, about +1.2 volts is applied to the

selected WL2 terminal 72, about +0.5 volts is applied to the selected WL.1 terminal
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70, about +1.2 volts is applied to the selected BL terminal 76, about +1.2 volts is
applied to the selected BW terminal 78, and about 0.0 volts is applied to the SUB
terminal 80. These voltage levels are exemplary only and may vary from
embodiment to embodiment. Thus the exemplary embodiments, features, bias
levels, etc., described are not limiting.

[00159] Figs. 18 and 19 illustrate bias conditions for an exemplary write logic-1
operation through capacitive coupling from the gate 60 of the floating body
transistor 40 to the floating body region 24, where the following bias conditions are
applied: zero or low positive voltage is applied to the selected WL2 terminal 72, a
positive bias is applied to the selected BL. terminal 76, a positive voltage is applied
to the SL terminal 74, a positive voltage is applied to the BW terminal 78, and zero
voltage is applied to the SUB terminal 80. The WL1 terminal is initially grounded,
and then its potential is increased to a positive voltage. The access transistor 42 of
the selected memory cell is biased such that the source region 20 of the access
transistor 42 is floating, for example by having the bias applied to the BL terminal
76 to be greater than the difference between the bias applied to the gate 64 and the
threshold voltage of the access transistor 42. Because the channel region of the
floating body transistor 40 is now floating, when the potential of the gate region 60
(connected to the WL1 terminal 70) is increased from zero (or negative voltage) to
a positive voltage, the potential of the floating body region 24 will increase due to
capacitive coupling. The positive bias applied to the buried well region 30 (through
the BW terminal 78) will then generate holes through the impact ionization process,
which maintains the positive charge of the floating body region 24.

[00160] In one particular non-limiting embodiment, about 0.0 volts is applied to the
WL2 terminal 72, the voltage applied to the WL1 terminal is increased from 0.0
volts to about +1.2, about +1.2 volts is applied to the SL terminal 74, about +1.2
volts is applied to the BL terminal 76, about +1.2 volts is applied to the BW
terminal 78, and about 0.0 volts is applied to the SUB terminal 80. These voltage
levels are exemplary only and may vary from embodiment to embodiment. Thus
the exemplary embodiments, features, bias levels, etc., described are not limiting.

[00161] The ramp rate of the positive bias applied to the WL1 terminal 70
(connected to gate electrode 60) may be optimized to increase the coupling ratio

from the gate 60 to the floating body region 24. As described for example in
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“Substrate Response of a Floating Gate n-channel MOS Memory Cell Subject to a
Positive Linear Ramp Voltage”, H.-S. Lee and D. S. Lowrie, Solid-State
Electronics 24, no. 3, pp. 267-273, 1981, which is hereby incorporated herein, in its
entirety, by reference thereto, a higher coupling from the gate 60 to the floating
body region 24 can be achieved with a higher ramp rate. The ramp rate applied to
the gate 60 may also be higher in the write logic-1 operation than in other
operations, such as read operation, to further improve the write logic-1 operation
time.

[00162] Figs. 20 and 21 illustrate exemplary bias conditions for a write logic-0
operation according to an embodiment of the present invention, by applying the
following bias conditions: a negative voltage is applied to the SL terminal 74, zero
voltage is applied to the WL1 terminal 70, WL2 terminal 72, BL. terminal 76, and
SUB terminal 80, and a positive bias to the BW terminal 78. Under these
conditions, the p-n junction between the floating body 24 and the source line region
16 is forward-biased, evacuating holes from the floating body 24. All memory cells
sharing the same SL terminal 74 will be written to simultaneously. To write
arbitrary binary data to different memory cells 100, 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 memory cells that must be written to logic-1.

[00163] In one particular non-limiting embodiment, about -1.2 volts is applied to the
selected SL terminal 74, about 0.0 volts is applied to the WL1 terminal 70, WL2
terminal 72, BL. terminal 76, and SUB terminal 80, and about +1.2 volts is applied
to the BW terminal 78. These voltage levels are exemplary only and may vary
from embodiment to embodiment. Thus the exemplary embodiments, features, bias
levels, etc., described are not limiting.

[00164] Figs. 22 and 23 illustrate exemplary bias conditions for a write logic-0
operation according to another embodiment of the present invention by applying
the following bias conditions: a positive bias is applied to the WL2 terminal 72, a
positive bias is applied to the WL1 terminal 70, a negative bias is applied to the BL.
terminal 76, zero voltage is applied to the SL terminal 74, a positive bias is applied
to the BW terminal 78, and zero voltage is applied to the SUB terminal 80. Under
these conditions, the access transistor 42 will pass the negative voltage applied on

the BL terminal 76 to the drain region 18 of the floating body transistor 40, forward
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biasing the p-n junction between the floating body 24 and the drain region 18. A
positive bias can also be applied to the gate 60 of the floating body transistor 40
(connected to the WL1 terminal 70), which will increase the potential of the
floating body 24 through capacitive coupling, which in turn will increase the
electric field across the p-n junction between the floating body 24 and the drain
region 18. The negative bias applied to the BL. terminal 76 and the bias applied to
the WL2 terminal are configured such that access transistors of the unselected cells
100 in different rows (for example, memory cells 100c and 100d) do not pass the
negative bias to the drain region 18 of the floating body transistor 40.

[00165] In one particular non-limiting embodiment, about +1.2 volts is applied to the
WL2 terminal 72, about +1.2 volts is applied to the WL1 terminal 70, about 0.0
volts is applied to the SL terminal 74, about -0.2 volts is applied to the BL terminal
76, about +1.2 volts is applied to the BW terminal 78, and about 0.0 volts is applied
to the SUB terminal 80. These voltage levels are exemplary only and may vary
from embodiment to embodiment. Thus the exemplary embodiments, features, bias
levels, etc., described are not limiting.

[00166] An active low scheme — where the selected BL terminal 74 is biased at low
voltage, for example zero voltage — can also be performed on memory cell 100 and
memory array 120.

[00167] Exemplary bias conditions for an active low read operation according to an
embodiment of the present invention are illustrated in Fig. 24, where the following
bias conditions are applied to a selected memory cell 100a: a positive voltage is
applied to WL2 terminal 72a, a positive voltage is applied to WL1 terminal 70a,
zero voltage is applied to the BL terminal 76a, a positive voltage is applied to the
SL terminal 74a, zero or positive voltage is applied to the BW terminal 78a, and
zero voltage is applied to the SUB terminal 80a. The following bias conditions are
applied to the unselected terminals: zero voltage is applied to the WL1 terminal 70,
WL2 terminal 72, SL terminal 74, a positive voltage is applied to the BL. terminal
76, zero or positive voltage is applied to the BW terminal 78, and zero voltage is
applied to the SUB terminal §0.

[00168] In one particular non-limiting embodiment, the following conditions are
applied to the selected terminals: about +1.2 volts is applied to the WL2 terminal
72, about +1.2 volts is applied to the WL1 terminal 70, about +1.2 volts is applied
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to the SL. terminal 74, about 0.0 volts is applied to the BL. terminal 76, about 0.0
volts is applied to the BW terminal 78, and about 0.0 volts is applied to the SUB
terminal 80; while the following bias conditions are applied to the unselected
terminals: about 0.0 volts is applied to the WL1 terminal 70, WL2 terminal 72,
about 0.0 volts is applied to the SL terminal 74, about +1.2 volts is applied to the
BL terminal 76, about +1.2 volts is applied to the BW terminal 78, and about 0.0
volts is applied to the SUB terminal 80. These voltage levels are exemplary only
and may vary from embodiment to embodiment. Thus the exemplary embodiments,
features, bias levels, etc., described are not limiting.

[00169] Fig. 25 illustrates exemplary bias conditions applied to the selected
terminals of memory array 120 for an active low write logic-1 operation according
to an embodiment of the present invention: a positive voltage is applied to WL2
terminal 72a, a positive voltage is applied to WL1 terminal 70a, zero voltage is
applied to the BL. terminal 76a, a positive voltage higher than the positive voltage
applied to WLI1 terminal 70a is applied to the SL terminal 74a, zero or positive
voltage is applied to the BW terminal 78a, and zero voltage is applied to the SUB
terminal 80a. The following bias conditions are applied to the unselected terminals:
zero voltage is applied to the WL1 terminal 70, WL2 terminal 72, SL terminal 74, a
positive voltage is applied to the BL terminal 76, zero or positive voltage is applied
to the BW terminal 78, and zero voltage is applied to the SUB terminal 80.

[00170] In one particular non-limiting embodiment, the following conditions are
applied to the selected terminals: about +1.2 volts is applied to the WL2 terminal
72, about +0.5 volts is applied to the WL1 terminal 70, about +1.2 volts is applied
to the SL terminal 74, about 0.0 volts is applied to the BL terminal 76, about 0.0
volts is applied to the BW terminal 78, and about 0.0 volts is applied to the SUB
terminal 80; while the following bias conditions are applied to the unselected
terminals: about 0.0 volts is applied to the WL1 terminal 70, WL2 terminal 72,
about 0.0 volts is applied to the SL terminal 74, about +1.2 volts is applied to the
BL terminal 76, about +1.2 volts is applied to the BW terminal 78, and about 0.0
volts is applied to the SUB terminal 80. These voltage levels are exemplary only
and may vary from embodiment to embodiment. Thus the exemplary embodiments,
features, bias levels, etc., described are not limiting.

[00171] Figs. 26 and 27 show alternative embodiments of memory cells 102 and
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104, comprising a three-dimensional memory cell structure. In these embodiments,
memory cells 102 and 104 have a fin structure 52 extending substantially
perpendicular to, and above the top surface of the substrate 10. Fin structure 52 is
conductive and may be built on buried well layer 30 or well region 12. Both
memory cells 102 and 104 comprise floating body transistor 40 and access
transistor 42. In floating body transistor 40, floating body region 24 is insulated by
the buried well region 30, source line region 16, drain region 18, insulating layer
62, and insulating layer 26. In access transistor 42, the well region 12 has the same
conductivity type as the substrate 10. The drain region 18 of the floating body
transistor 40 is connected to the source region 20 of the access transistor 42 through
a conductive element 44. For drawing simplicity, the conductive element 44 is not
shown in Figs. 26 and 27.

[00172] Memory cell 102 includes gates 60 on two opposite sides of the floating
substrate region 24 of the floating body transistor 40 and gates 64 on two opposite
sides of the well region 12 of the access transistor 42, see Fig. 26. Alternatively,
gates 60 and gates 64 may enclose three sides of the floating body region 24 and
well region 12, respectively, in memory cell 104, as illustrated in Fig. 27.

[00173] Memory cells 102 and 104 comprise source line (SL) terminal 74 connected
to the source line region 16, bit line (BL) terminal 76 connected to the bit line
region 22, word line 1 (WL1) terminal 70, which is electrically connected to the
gate 60 of the floating body transistor 40, word line 2 (WL2) terminal 72, which is
electrically connected to the gate 64 of the access transistor 42, buried well (BW)
terminal 78, which is electrically connected to the buried well region 30 of the
floating body transistor 40, and substrate (SUB) terminal 80, which is connected to
the substrate region 10.

[00174] Memory cells 100, 102, and 104 each have two transistors having the same
conductivity type in series (two n-channel transistors 40 and 42 are used in the
examples). Tig. 28 illustrates another embodiment of memory cell 200, where the
memory transistor 40 and the access transistor 42’ are comprised of transistors
having different conductivity type. In this exemplary embodiment of memory cell
200, the floating body transistor 40 is similar to that of memory cell 100. However,
the access transistor 42’ has a different conductivity type from access transistor 42

of memory cell 100, and may comprise an additional Access Transistor Substrate
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terminal 80°.

[00175] Fig. 29A illustrates memory cell 200 according to an embodiment of the
present invention. Access transistor 42’ comprises a well region 12’ of the second
conductivity type, such as n-type, source region 20’ and bit line region 22’ of the
first conductivity type, such as p-type. The well region 12° of the second
conductivity type is electrically connected to the buried well region 30, and is
therefore not floating. A gate 64 is positioned in between the source region 20’ and
the bit line region 22°. The gate 64 is insulated from the well region 12’ by an
insulating layer 66. Insulating layer 66 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, hafnium oxide, and/or
aluminum oxide. The gate 64 may be made of, for example, polysilicon material or
metal gate electrode, such as tungsten, tantalum, titanium and their nitrides. The
bottom of insulating layer 26 may reside below the buried region 30 as shown in
Fig. 29B. This requires a shallower insulating layer 28, which insulates the floating
body region 24, but allows the buried layer 30 to be continuous in the perpendicular
direction of the cross-sectional view shown in Fig. 29B. In memory cell 200 shown
in Figs. 29A and 29B, the well region 12’ of the access transistor 42’ is connected
to the buried well region 30. Therefore, in this embodiment, the BW terminal 78
also serves as the Access Transistor Substrate terminal 80" shown in the equivalent
circuit representation of memory cell 200 shown in Fig. 28.

[00176] Figs. 30 and 31 illustrate the equivalent circuit representation of the memory
device 200, showing the floating body transistor 40, formed by the source line
region 16, drain region 18, and the gate 60, and access transistor 42°, formed by the
source region 20°, the bit line region 22°, and the gate 64, connected in series.
Inherent in the floating body transistor 40 is bipolar device 44, formed by the
buried well region 30, the floating body region 24, and the source line region 16,
and bipolar device 46, formed by the buried well region 30, the floating body
region 24, and the drain region 18.

[00177] Also inherent in floating body transistor 40 is bipolar device 48, formed by
the source line region 16, floating body region 24, and the drain region 18. For
drawings clarity, bipolar device 48 is shown separately in Fig. 31.

[00178] Fig. 32 shows an exemplary memory array 220 of memory cells 200
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(including four exemplary instances of memory cell 200 being labeled as 200a,
200b, 200c, and 200d as shown) arranged in rows and columns. In many, but not
all, of the figures where exemplary array 220 appears, representative memory cell
200a will be representative of a “selected” memory cell 200 when the operation
being described has one (or more in some embodiments) selected memory cells
200. In such figures, representative memory cell 200b will be representative of an
unselected memory cell 200 sharing the same row as selected representative
memory cell 200a, representative memory cell 200c will be representative of an
unselected memory cell 200 sharing the same column as selected representative
memory cell 200a, and representative memory cell 200d will be representative of a
memory cell 200 sharing neither a row or a column with selected representative
memory cell 200a.

[00179] Several operations can be performed on memory cell 200, such as: holding,
read, write logic-1 and write logic-0 operations.

[00180] Fig. 33 shows a holding operation performed on memory array 220
according to an embodiment of the present invention, which follows the same
mechanism as that of memory array 120. The holding operation is performed by
applying a positive back bias to the BW terminal 78, and zero bias on the WL1
terminal 70, WL2 terminal 72, SL terminal 74, SUB terminal 80, and BL terminal
76. The positive back bias applied to the buried layer region 30 connected to the
BW terminal 78 will maintain the state of the memory cell 200 that it is connected
to by maintaining the charge stored in the floating body region 24 of the
corresponding floating body transistor 40.

[00181] In one embodiment the bias conditions for the holding operation for
memory cell 200 are: 0.0 volts is applied to WL1 terminal 70, WL2 terminal 72, SL
terminal 74, BL terminal 76, and SUB terminal 78, and a positive voltage like, for
example, +1.2 volts is applied to BW terminal 78. In other embodiments, different
voltages may be applied to the various terminals of memory cell 200 as a matter of
design choice and the exemplary voltages described are not limiting in any way.

[00182] Fig. 34 illustrates an alternative holding operation performed on memory
array 220, according to an embodiment of the present invention. The holding
operation is performed by applying a positive back bias to the SUB terminal 80,
zero bias on the WL1 terminal 70, WL2 terminal 72, SL terminal 74, BL terminal
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76, while leaving the BW terminal 78 floating. Under these conditions, if the
memory cell 200 is in logic-1 state having a positive charge stored in the floating
body region 24, the intrinsic silicon controlled rectifier (SCR) of memory cell 200,
formed by the substrate 10, buried well region 30, floating body region 24, and the
source line region 16 or the drain region 18, is turned on, thereby maintaining the
positive charge on the floating body region 24. Memory cells in logic-0 state will
remain in blocking mode, since the voltage of the floating body region 24 is not
substantially positive and therefore floating body 24 does not turn on the SCR
device. Accordingly, current does not flow through the SCR device and memory
cell 200 maintains the logic-0 state. In this holding operation, all memory cells 200
commonly connected to the same SUB terminal will be maintained to accurately
hold their data states.

[00183] In one embodiment, the following bias conditions are applied for the
alternative holding operation: 0.0 volts is applied to WL1 terminal 70, WL2
terminal 72, SL2 terminal 74, BL terminal 76, a positive voltage like, for example,
+1.2 volts is applied to SUB terminal 80, while the BW terminal 78 is left floating.
In other embodiments, different voltages may be applied to the various terminals of
memory cell 200 as a matter of design choice and the exemplary voltages described
are not limiting in any way. Alternatively, the BW terminal 78 may be eliminated
from the array 220, leaving the buried well region 30 floating.

[00184] Fig. 35 illustrates a read operation performed on memory array 220
according to an embodiment of the present invention. Any sensing scheme known
in the art can be used with memory cell 200. The amount of charge stored in the
floating body 24 can be sensed by monitoring the cell current of the memory cell
200. If memory cell 200 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 76 to SL terminal 74), compared to if cell 200 is in a logic-0 state
having no holes in floating body region 24. A sensing circuit typically connected to
BL terminal 76 can then be used to determine the data state of the memory cell.

[00185] The read operation for example can be performed on memory cell 200 by
applying the following bias conditions: zero voltage is applied to the WL2 terminal
72, which turns on the access transistor 42, a positive voltage is applied to the BL.

terminal 76, zero voltage is applied to the SL terminal 74, zero or positive voltage
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is applied to the BW terminal 78, and zero voltage is applied to the SUB terminal
80. Positive voltage may also be applied to the WL1 terminal 70 to further enhance
the current flowing through the memory cell 200, from the BL terminal 76 to the
SL terminal 74. If memory cell 200 is in a logic-1 state having holes in the floating
body region 24, then a higher current will flow from the BL terminal 76 to the SL
terminal 74 of the selected memory cell 200, compared to if memory cell 200 is in a
logic-0 state having no holes in the floating body region 24. In one particular
embodiment, +1.2 volts is applied to the WL1 terminal 70, BL. terminal 76, BW
terminal 78, 0.0 volts is applied to the WL2 terminal 72, SL terminal 74, and SUB
terminal 80. In other embodiments, different voltages may be applied to the
various terminals of memory cell 200 as a matter of design choice and the
exemplary voltages described are not limiting in any way.

[00186] The access transistor 42 is used to assist the selection of the memory cell
200 during the read operation. Because the access transistor 42 of the unselected
memory cells in different rows (e.g. memory cells 200c and 200d) are turned off
(through the application of a positive voltage applied on WL2 terminal 72), it will
not pass the positive voltage applied to the BL terminal 76 to the drain region 18 of
the floating body transistor 40. As a result, no current will flow through the floating
body transistor 40 of the unselected memory cells in different rows.

[00187] The unselected memory cells in different columns (e.g. memory cells 200b
and 200d) will not conduct current since zero bias is applied to both the BL
terminal 76 and SL terminal 74.

[00188] Fig. 36 illustrates a write logic-1 operation using band-to-band tunneling
mechanism according to an embodiment of the present invention, where the
following bias conditions are applied: zero voltage is applied to WL2 terminal 72,
which turns on the access transistor 42 of the selected memory cell 200, a negative
bias is applied to the WL1 terminal 70, a positive bias is applied to the BL terminal
76, zero bias is applied to the SL terminal 74, zero or positive bias is applied to the
BW terminal 78, and zero bias is applied to the SUB terminal §0.

[00189] In one particular non-limiting embodiment, about 0.0 volts is applied to the
selected WL2 terminal 72, about -1.2 volts is applied to the selected WL1 terminal
70, about +1.2 volts is applied to the selected BL terminal 76, about +1.2 volts is
applied to the selected BW terminal 78, and about 0.0 volts is applied to the SUB
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terminal 80.

[00190] The zero voltage applied to the WL2 terminal 72 will turn on the p-type
access transistor 42, which will pass the positive bias applied to the BL terminal 76
to the drain region 18 of the floating body transistor 40. The positive bias now
present on the drain region 18 of the floating body transistor 40, along with the
negative voltage applied to the WL1 terminal 70 (connected to the gate 60), will
create a strong electric field around the junction area of the drain region 18 in the
proximity of the gate 60. The strong electric field 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.

[00191] Fig. 37 illustrates exemplary bias conditions for a write logic-1 operation
through an impact ionization mechanism, performed on the memory array 220
according to an embodiment of the present invention, where the following bias
conditions are applied: zero voltage is applied to the selected WL2 terminal 72, a
positive voltage is applied to the selected WL1 terminal 70, a positive voltage is
applied to the selected BL terminal 76, zero voltage is applied to the SL terminal
74, zero or positive voltage is applied to the BW terminal 78, and zero voltage is
applied to the SUB terminal 80. The positive voltage applied to the WL1 terminal
70 and the BL terminal 76 is configured to maximize hole generation through the
impact ionization process, where the voltage on the drain region 18 of the floating
body transistor 40 is typically greater than the voltage applied to the gate 60
(connected to the WL1 terminal 70) of the floating body transistor 40.

[00192] In one particular non-limiting embodiment, about 0.0 volts is applied to the
selected WL2 terminal 72, about +0.5 volts is applied to the selected WL.1 terminal
70, about +1.2 volts is applied to the selected BL terminal 76, about +1.2 volts is
applied to the selected BW terminal 78, and about 0.0 volts is applied to the SUB
terminal 80. These voltage levels are exemplary only may vary from embodiment
to embodiment. Thus the exemplary embodiments, features, bias levels, etc.,
described are not limiting.

[00193] Fig. 38 illustrates exemplary bias conditions for a write logic-1 operation
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through capacitive coupling from the gate 60 of the floating body transistor 40 to
the floating body region 24 according to an embodiment of the present invention,
where the following bias conditions are applied: a positive voltage is applied to the
selected WL2 terminal 72, a positive bias is applied to the selected BL terminal 76,
a positive voltage is applied to the SL terminal 74, a positive voltage is applied to
the BW terminal 78, and zero voltage is applied to the SUB terminal 80. The WL1
terminal 70 is initially grounded, and then its potential is increased to a positive
voltage. The access transistor 42 of the selected memory cell is biased such that the
source region 20 of the access transistor 42 is floating, for example by having the
bias applied to the BL terminal 76 to be greater than the difference between the bias
applied to the gate 64 and the threshold voltage of the access transistor 42. Because
the channel region of the floating body transistor 40 is now floating, when the
potential of the gate region 60 (connected to the WL1 terminal 70) is increased
from zero (or negative voltage) to a positive voltage, the potential of the floating
body region 24 will increase due to capacitive coupling. The positive bias applied
to the buried well region 30 (through the BW terminal 78) will then generate holes
through the impact ionization process, which maintains the positive charge of the
floating body region 24.

[00194] In one particular non-limiting embodiment, about +1.2 volts is applied to the
WL2 terminal 72, the voltage applied to the WL1 terminal is increased from 0.0
volts to about +1.2, about +1.2 volts is applied to the SL terminal 74, about +1.2
volts is applied to the BL terminal 76, about +1.2 volts is applied to the BW
terminal 78, and about 0.0 volts is applied to the SUB terminal 80. These voltage
levels are exemplary only may vary from embodiment to embodiment. Thus the
exemplary embodiments, features, bias levels, etc., described are not limiting.

[00195] Fig. 39 illustrates exemplary bias conditions for a write logic-0 operation
according to an embodiment of the present invention, by applying the following
bias conditions: a negative voltage is applied to the SL terminal 74, zero voltage is
applied to the WL1 terminal 70, BL terminal 76, and SUB terminal 80, zero or a
positive voltage is applied to the WL2 terminal 72, and a positive bias to the BW
terminal 78. Under these conditions, the p-n junction between the floating body 24
and the source line region 16 is forward-biased, evacuating holes from the floating

body 24. All memory cells sharing the same SL terminal 74 will be written to
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simultaneously. To write arbitrary binary data to different memory cells 200, 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 memory cells that must be
written to logic-1.

[00196] In one particular non-limiting embodiment, about -1.2 volts is applied to the
selected SL terminal 74, about 0.0 volts is applied to the WL1 terminal 70, BL
terminal 76, and SUB terminal 80, about +1.2 volts is applied to the WL2 terminal
72, and about +1.2 volts is applied to the BW terminal 78. These voltage levels are
exemplary only may vary from embodiment to embodiment. Thus the exemplary
embodiments, features, bias levels, etc., described are not limiting.

[00197] Fig. 40 illustrates exemplary bias conditions for a write logic-0 operation
according to another embodiment of the present invention by applying the
following bias conditions: a negative voltage more negative than the voltage
applied to the BL terminal 76 is applied to the WL2 terminal 72, a positive bias is
applied to the WL1 terminal 70, a negative bias is applied to the BL terminal 76,
zero voltage is applied to the SL terminal 74, a positive bias is applied to the BW
terminal 78, and zero voltage is applied to the SUB terminal 80. Under these
conditions, the access transistor 42 will pass the negative voltage applied on the BL.
terminal 76 to the drain region 18 of the floating body transistor 40, forward biasing
the p-n junction between the floating body 24 and the drain region 18. A positive
bias can also be applied to the gate 60 of the floating body transistor 40 (connected
to the WL1 terminal 70), which will increase the potential of the floating body 24
through capacitive coupling, which in turn will increase the electric field across the
p-n junction between the floating body 24 and the drain region 18. The negative
bias applied to the BL terminal 76 and the bias applied to the WL2 terminal 72 are
configured such that access transistors of the unselected cells 200 in different rows
(for example, memory cells 200c and 200d) do not pass the negative bias to the
drain region 18 of the floating body transistor 40.

[00198] In one particular non-limiting embodiment, about -1.2 volts is applied to the
WL2 terminal 72, about +1.2 volts is applied to the WLI1 terminal 70, about 0.0
volts is applied to the SL terminal 74, about -0.2 volts is applied to the BL terminal
76, about +1.2 volts is applied to the BW terminal 78, and about 0.0 volts is applied

to the SUB terminal 80. These voltage levels are exemplary only may vary from
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embodiment to embodiment. Thus the exemplary embodiments, features, bias
levels, etc., described are not limiting.

[00199] A reference cell may be used in the sensing operation of the memory cells
100 and 200 described above. The properties (e.g. cell current) of the reference cell
can be used to compare the properties of the memory cell being sensed to determine
its logic state. Tig. 41 illustrates a schematic cross-sectional view of a reference
cell 100R1. A corresponding reference cell for memory cell 200 can be constructed
by having an access transistor having a different conductivity type as the floating
body transistor and is not shown.

[00200] Reference cell 100R1 comprises a sense line region 32 having the same
conductivity type as the floating body region 24, which allows for an electrical
connection to the floating body region 24 of the floating body transistor 40. The
sense line region 32 is located in the same plane as the source and drain regions 16,
18, 20, and 22 of the floating body transistor 40 and the access transistor 42. The
sense line region 32 can be connected to sense line terminal 82 as shown in Vig. 42,
where the reference cell 100R1 is shown located in a row adjacent to a row of
memory cells 100.

[00201] Figs. 43A-43C illustrate reference cell 100R2 according to another
embodiment of the present invention. Fig. 43A illustrates a schematic top-view
illustration of the reference cell 100R2, while Figs. 43B and 43C illustrate
schematic cross-sectional views along the I-I’ and II-II’ cut lines of Iig. 43A. The
sense region 32 in this embodiment is located adjacent to floating body transistor
40 of the memory cell 100 in a different plane from the plane that source and drain
regions 16, 18, 20 and 22 are located along. The sense region 32 has the same
conductivity type as the floating body region 24, and allows for an Ohmic contact
to the floating body region 24.

[00202] Fig. 44 illustrates a memory array 120 which contains reference cell 100R2,
located in a column adjacent to a column of memory cells 100.

[00203] Fig. 45 illustrates memory cell 300 according to another embodiment of the
present invention. Memory cell 300 comprises a floating body transistor 340 and
an access transistor 342. Memory cell 300 includes a substrate 310 of a first
conductivity type such as p-type, for example. Substrate 310 is typically made of

silicon, but may also comprise, for example, germanium, silicon germanium,
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gallium arsenide, carbon nanotubes, or other semiconductor materials. In some
embodiments of the invention, substrate 310 can be the bulk material of the
semiconductor wafer. In other embodiments, substrate 310 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 310 will usually be drawn as the
semiconductor bulk material as it is in Fig. 45.

[00204] Floating body transistor 340 also comprises a buried layer region 330 of a
second conductivity type, such as n-type, for example; a floating body region 324
of the first conductivity type, such as p-type, for example; and source or drain
region 316 of the second conductivity type, such as n-type, for example; and sense
line region 318 of the first conductivity type (same conductivity type as that of
floating body region 324), such as p-type, for example.

[00205] Buried layer 330 may be formed by an ion implantation process on the
material of substrate 310. Alternatively, buried layer 330 can be grown epitaxially
on top of substrate 310.

[00206] The floating body region 324 of the first conductivity is bounded on top by
surface 314, source line region 316, sense line region 318, and insulating layer 362,
on the sides by insulating layer 326, and on the bottom by buried layer 330.
Floating body 324 may be the portion of the original substrate 310 above buried
layer 330 if buried layer 330 is implanted. Alternatively, floating body 324 may be
epitaxially grown. Depending on how buried layer 330 and floating body 324 are
formed, floating body 324 may have the same doping as substrate 310 in some
embodiments or a different doping, if desired in other embodiments.

[00207] A gate 360 is positioned in between the source line region 316 and the sense
region 318, above the floating body region 324. The gate 360 is insulated from the
floating body region 324 by an insulating layer 362. Insulating layer 362 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, hafnium oxide, and/or aluminum oxide. The gate 360 may be made of, for
example, polysilicon material or metal gate electrode, such as tungsten, tantalum,

titanium and their nitrides.
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[00208] Insulating layers 326 (like, for example, shallow trench isolation (STT)),
may be made of silicon oxide, for example, though other insulating materials may
be used. Insulating layers 326 insulate floating body transistor 340 from adjacent
floating body transistor 340 and adjacent access transistor 342. The bottom of
insulating layer 326 may reside inside the buried region 330 allowing buried region
330 to be continuous as shown in Fiig. 45. Alternatively, the bottom of insulating
layer 326 may reside below the buried region 330 (similar to how the insulating
layer 26 may reside below the buried region 30 of the memory cell 100 as shown in
Fig. 2). This requires a shallower insulating layer (like 28 in Fig. 2), which
insulates the floating body region 324, but allows the buried layer 330 to be
continuous in the perpendicular direction of the cross-sectional view shown in Fig.
45. For simplicity, only memory cell 300 with continuous buried region 330 in all
directions will be shown from hereon.

[00209] Access transistor 342 comprises a well region 312 of the first conductivity
type, such as p-type, source region 320 and bit line region 322 of the second
conductivity type, such as n-type. The well region 312 of the first conductivity
type is electrically connected to the substrate region 310, and is therefore not
floating. A floating gate 364 is positioned in between the source region 320 and the
bit line region 322. The floating gate 364 is insulated from the well region 312 by
an insulating layer 366 and is not connected to any terminals. The floating gate 364
is connected to the sense line region 318, which in turn is connected to the floating
body region 324.

[00210] Insulating layer 366 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, hafnium oxide, and/or
aluminum oxide. The gate 364 may be made of, for example, polysilicon material
or metal gate electrode, such as tungsten, tantalum, titanium and their nitrides.

[00211] The sense line region 318 of the floating body transistor 340 is connected to
the floating gate 364 of the access transistor 342 through a conductive element 98.
Conductive element 90 connects the source/drain region 316 of the floating body
transistor 340 (which may be referred to as the source/drain region 316 of the
memory device 300 interchangeably) to the bit line 1 (BL1) terminal 374, the

conductive element 92 connects the bit line region 322 of the access transistor
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(which may be referred to as the bit line region 322 of the memory device 300
interchangeably) to the bit line 2 (BL2) terminal 376, while the conductive element
94 connects the source region 320 of the access transistor 342 to the source line
(SL) terminal. The conductive elements 90, 92, 94, and 98 may be formed of, but
are not limited to, tungsten or silicided silicon.

[00212] In addition to the SL terminal 372, BL1 terminal 374 and BL2 terminal 376,
memory cell 300 also includes word line (WL) terminal 370, which is electrically
connected to the gate 360 of the floating body transistor 340, buried well (BW)
terminal 378, which is electrically connected to the buried well region 330 of the
floating body transistor 340, and substrate (SUB) terminal 380, which is connected
to the substrate region 310.

[00213] Fig. 46 shows an exemplary memory array 320 of memory cells 300,
according to an embodiment of the present invention (including four exemplary
instances of memory cell 300 being labeled as 300a, 300b, 300c, and 300d)
arranged in rows and columns. In many, but not all, of the figures where
exemplary array 320 appears, representative memory cell 300a will be
representative of a “selected” memory cell 300 when the operation being described
has one (or more in some embodiments) selected memory cells 300. In such
figures, representative memory cell 300b will be representative of an unselected
memory cell 300 sharing the same row as selected representative memory cell
300a, representative memory cell 300c will be representative of an unselected
memory cell 300 sharing the same column as selected representative memory cell
300a, and representative memory cell 300d will be representative of a memory cell
300 sharing neither a row or a column with selected representative memory cell
300a.

[00214] Present in Fig. 46 are WL terminals 370a through 370n, SL terminals 372a
through 372n, BL1 terminals 374a through 374p, BL2 terminals 376a through
376p, BW terminals 378a through 378n, SUB terminals 380a through 380n. Each
of the WL, SL, and BW terminals are shown associated with a single row of
memory cells 300 and each of the BLL1 and BL2 terminals is associated with a
single column of memory cells 300. Persons of ordinary skill in the art will
appreciate that many other organizations and layouts of memory array 320 are

possible, for example, only one common SUB terminal 380 is present throughout a



WO 2013/123415 PCT/US2013/026466
42

segment of the memory array 320 or throughout the entire memory array 320.
Similarly, other terminals may be segmented or buffered, while control circuits
such as word decoders, column decoders, segmentation devices, sense amplifiers,
write amplifiers, etc. may be arrayed around array 320 or inserted between sub-
arrays of array 320. 'Thus the exemplary embodiments, features, design options,
etc., described are not limiting in any way.

[00215] Lu et al. describes a two-transistor floating-body gate DRAM cell in “A
Novel Two-Transistor FIloating-Body/Gate Cell for Low-Power Nanoscale
Embedded DRAM”, Z. Lu et al., pp. 1511-1518, IEEE Transactions on Electron
Devices, vol. 55, no. 6, June 2008 (“Lu-1") and “A Simplified Superior Floating-
Body/Gate DRAM Cell”, Z. Lu et al., pp. 282-284, IEEE Electron Device Letters,
vol. 30, no. 3, March 2009 (“Lu-2"), which are hereby incorporated herein, in their
entireties, by reference thereto.

[00216] The two-transistor memory cell described in Lu-1 and Lu-2 utilizes the
floating body region as the charge storage region and operates similar to capacitor-
less DRAMSs as described in Okhonin-1 and Ohsawa-1. As a result, the two-
transistor memory cell described by Lu-1 and Lu-2 has a limited data retention
time, and requires a refresh operation.

[00217] The floating body transistor 340 in memory cell 300 is a bi-stable memory
cell, where the two stable states are obtained through the application of a positive
bias to the back-bias region 330 (connected to terminal 378), following similar
principles as those of memory cells 100 and 200. The state of the floating body
transistor 340 can be sensed through the properties of the access transistor 342, for
example the cell current flowing from the BL2 terminal 376 to the SL terminal 372
of the access transistor 342. A positively charged floating body region 324 (i.e.
logic-1 state) will turn on the access transistor 342, and as a result, the access
transistor 342 will conduct a higher current compared to if the floating body region
324 is neutral (or low positive charge) state (i.e. logic-0 state).

[00218] Fig. 47 illustrates exemplary bias conditions for a read operation performed
on the selected memory cell 300a in a memory array 320 according to an
embodiment of the present invention: zero voltage is applied to WL terminal 370a,
zero voltage is applied to BL1 terminal 374a, a positive voltage is applied to BL2

terminal 376a, zero voltage is applied to SL terminal 372a, zero or positive voltage
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is applied to the BW terminal 378, and zero voltage is applied to the SUB terminal
380a; while the following bias conditions are applied to the unselected terminals:
zero voltage is applied to WL terminal 370, zero voltage is applied to BL1 terminal
374, zero voltage is applied to BL2 terminal 376, a positive voltage equal to the
positive voltage applied to the selected BL2 terminal 376a is applied to the SL
terminal 372 (alternatively, unselected SL terminals 372 are left floating), zero or
positive voltage is applied to BW terminal 378, and zero voltage is applied to the
SUB terminal 380.

[00219] In one particular non-limiting embodiment, the following bias conditions
are applied to the selected terminals: about 0.0 volts is applied to the WL terminal
370, about 0.0 volts is applied to the SL terminal 372, about 0.0 volts is applied to
the BL1 terminal 374, about +0.4 volts is applied to the BL.2 terminal 376, about
+1.2 volts is applied to the BW terminal 378, and about 0.0 volts is applied to the
SUB terminal 380; while the following bias conditions are applied to the unselected
terminals: about 0.0 volts is applied to the WL terminal 370, about +0.4 volts is
applied to the SL terminal 372, about 0.0 volts is applied to the BL.1 terminal 374,
about 0.0 volts is applied to the BL terminal 376, about +1.2 volts is applied to the
BW terminal 378, and about 0.0 volts is applied to the SUB terminal 380. These
voltage levels are exemplary only may vary from embodiment to embodiment.
Thus the exemplary embodiments, features, bias levels, etc., described are not
limiting.

[00220] The writing operations of the floating body transistor 340 are similar to the
operations of “half transistor memory cell” described by Y. Widjaja and 7. Or-
Bach, for example in U.S. App. no. 12/897,516, “A Semiconductor Memory
Device Having an Electrically Floating Body Transistor” and U.S. App. no. 12/897,
538, “A Semiconductor Memory Device Having an Electrically Floating Body
Transistor”, which are hereby incorporated herein, in their entireties, by reference
thereto.

[00221] Fig. 48 illustrates exemplary bias conditions for a write logic-1 operation
using band-to-band tunneling performed on the selected memory cell 300a in a
memory array 320 according to an embodiment of the present invention: a negative
voltage is applied to WL terminal 370a, a positive voltage is applied to BL1

terminal 374a, zero voltage is applied to BL2 terminal 376a, zero voltage is applied
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to SL terminal 372a, zero or positive voltage is applied to the BW terminal 378, and
zero voltage is applied to the SUB terminal 380a; while the following bias
conditions are applied to the unselected terminals: zero voltage is applied to WL
terminal 370, zero voltage is applied to BL1 terminal 374, zero voltage is applied to
BL2 terminal 376, zero voltage is applied to the SL terminal 374, zero or positive
voltage is applied to BW terminal 378, and zero voltage is applied to the SUB
terminal 380.

[00222] In one particular non-limiting embodiment, the following bias conditions
are applied to the selected terminals: about -1.2 volts is applied to the WL terminal
370, about 0.0 volts is applied to the SL terminal 372, about +1.2 volts is applied to
the BL1 terminal 374, about 0.0 volts is applied to the BL.2 terminal 376, about
+1.2 volts is applied to the BW terminal 378, and about 0.0 volts is applied to the
SUB terminal 380; while the following bias conditions are applied to the unselected
terminals: about 0.0 volts is applied to the WL terminal 370, about 0.0 volts is
applied to the SL terminal 372, about 0.0 volts is applied to the BL.1 terminal 374,
about 0.0 volts is applied to the BL terminal 376, about +1.2 volts is applied to the
BW terminal 378, and about 0.0 volts is applied to the SUB terminal 380. These
voltage levels are exemplary only may vary from embodiment to embodiment.
Thus the exemplary embodiments, features, bias levels, etc., described are not
limiting.

[00223] Fig. 49 illustrates exemplary bias conditions for a write logic-0 operation
performed on the selected memory cell 300a in a memory array 320 according to an
embodiment of the present invention: a positive voltage is applied to WL terminal
370a, a negative voltage is applied to BL1 terminal 374a, zero voltage is applied to
BL2 terminal 376a, zero voltage is applied to SL terminal 372a, zero or positive
voltage is applied to the BW terminal 378, and zero voltage is applied to the SUB
terminal 380a; while the following bias conditions are applied to the unselected
terminals: zero voltage is applied to WL terminal 370, zero voltage is applied to
BL1 terminal 374, zero voltage is applied to BL2 terminal 376, zero voltage is
applied to the SL terminal 374, zero or positive voltage is applied to BW terminal
378, and zero voltage is applied to the SUB terminal 380.

[00224] In one particular non-limiting embodiment, the following bias conditions

are applied to the selected terminals: about +1.2 volts is applied to the WL terminal
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370, about 0.0 volts is applied to the SL terminal 372, about -0.2 volts is applied to
the BL1 terminal 374, about 0.0 volts is applied to the BL2 terminal 376, about
+1.2 volts is applied to the BW terminal 378, and about 0.0 volts is applied to the
SUB terminal 380; while the following bias conditions are applied to the unselected
terminals: about 0.0 volts is applied to the WL terminal 370, about 0.0 volts is
applied to the SL terminal 372, about 0.0 volts is applied to the BL.1 terminal 374,
about 0.0 volts is applied to the BL terminal 376, about +1.2 volts is applied to the
BW terminal 378, and about 0.0 volts is applied to the SUB terminal 380. These
voltage levels are exemplary only may vary from embodiment to embodiment.
Thus the exemplary embodiments, features, bias levels, etc., described are not
limiting.

[00225] Fig. 50 illustrates memory cell 400 according to another embodiment of the
present invention. Memory cell 400 comprises two bi-stable floating body
transistors 440 and 440°, which store complementary charges on the corresponding
floating body regions 424 and 424°. 'Thus, if floating body transistor 440 is in
logic-0 state, the floating body transistor 440’ is in logic-1 state, and vice versa.

The complementary floating body charges will result in complementary states of
the BL terminal 474 and the BL terminal 474°. 'The pair of BL and BL

terminals can then be used to determine the state of the memory cell 400. Both
floating body transistors 440 and 440’ are bi-stable floating body transistors
through the application of a positive back bias to the buried well region 430
(connected to the BW terminal 478), following the same principle as memory cells
100 and 200.

[00226] Fig. 51 illustrates an exemplary memory array 420 comprising memory
cells 400, according to an embodiment of the present invention. Present in Fig. 51
are WL terminals 470a through 470n connected to the gate regions 60, WL
terminals 472a through 472n connected to the gate regions 64, SL terminals 476a
through 476n connected to both the source line regions 18 and 18’ of the floating
body transistors 440 and 440°, BL terminals 474a through 474p connected to the

drain regions 16 of the floating body transistors 440, BL terminals 474’a through

474’p connected to the drain regions 16’ of the floating body transistors 440°, BW
terminals 478a through 478n connected to the buried well regions 430, and SUB
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terminals 480a through 480n. In the exemplary memory array 420 shown in Fig.
51, the source line regions 18 and 18’ of the floating body transistors 440 and 440’
are connected to the same SL terminal 372. However, each of the source line

regions 18 and 18’ may be connected to separate terminals, for example SL
terminal 476 and SL terminal 476’. Similarly, the exemplary memory array 420

shows that the gate regions 60 and 64 are connected to separate WL terminals 470
and 472. In an alternate embodiment, the gate regions 60 and 64 may be connected
to the same WL terminals. Fig. 52 illustrates a schematic top-view of the memory
cell 400 where the gate regions of the floating body transistors 440 and 440’ are

joined together, where connections between conductive materials 90 and 90’ to the
BL terminal 474 and BL terminal 474’ may be made through metal lines, for

example aluminum or copper. Similarly, connections between conductive materials
92 and 92’ to the SL terminal 476 may be made through metal conductive lines, for
example aluminum or copper.

[00227] Fig. 53 illustrates a dual-port memory cell 500, according to another
embodiment of the present invention, where the state of the memory cell 500 is
stored in dual-port floating body transistor 40D, and transistors 42A and 42B
function as the access transistors of the dual-port memory cell 500. The operation
and structure of dual-port floating body transistor 40D have been described, for
example in U.S. Patent Application Publication No. 2012/0120752, titled “Dual-
Port Semiconductor Memory and First-In First-Out (FIFO) Memory Having
Electrically Floating Body Transistor” (“Widjaja-5"), which is hereby incorporated
herein, in its entirety, by reference thereto. The state of the memory cell 500 is
stored in the floating body region 24 of the dual-port floating body transistor 40D.

[00228] Memory cell 500 further includes a word line #1A (WL1A) terminal 70A
electrically connected to gate 60A, a word line #1B (WLI1B) terminal 70B
electrically connected to gate 60B, a word line #2A (WL2A) 72A electrically
connected to gate 64A, a word line #2B (WL2B) 72B electrically connected to gate
64B, a source line (SL) terminal 74 electrically connected to region 16, a bit line #1
(BL1) terminal 76A electrically connected to the region 22A, a bit line #2 (BL2)
terminal 76B electrically connected to the region 22B, a buried well (BW) terminal

78, which is electrically connected to the buried well region 30 of the dual-port
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floating body transistor 40D, and substrate (SUB) terminal 80, which is connected
to the substrate region 10. WLIA terminal 70A, WL2A terminal 72A, and BL1
terminal 76A also may be referred to as ‘port #1°, while WL1B terminal 70B,
WL2B terminal 72B, and BL2 terminal 76B also may be referred to as ‘port #2°.

[00229] The dual-port floating body transistor 40D is connected in series to the
access transistors 42A and 42B. The drain region 18A of the floating body
transistor 40D is connected to the source region 20A of the access transistor 42A of
the port #1 through a conductive element 94A. Similarly, the drain region 18B of
the floating body transistor 40D is connected to the source region 20B of the access
transistor 42B of the port #2 through conductive element 94B.

[00230] Access to the memory cell 500, i.e. read and write operations to the memory
cell 500, may be performed independently by port #1 and/or port #2 irrespective of
timing.

[00231] As described in Widjaja-5, a multi-port floating body transistor may also be
formed in place of the dual-port floating body transistor 40D by forming additional
source or drain regions and positioning an additional gate(s) above the surface and
in between the source and drain regions. For an n-port memory cell, the number of
gates and the number of bit lines of the floating body transistor are equal to n, while
the number of regions of the second conductivity type (i.e. the source or drain
regions) of the floating body transistor is equal to (n+1). All regions of a second
conductivity type and gates in a multi-port memory cell will be coupled to the same
floating body region 24. Correspondingly, for an n-port memory cell, the number
of access transistors is equal to n.

[00232] From the foregoing it can be seen that a memory cell comprising two
transistors, for example a floating body transistor and an access transistor in series,
a floating body transistor and a floating gate transistor, or two floating body
transistors storing complementary charges, has been described. 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 embodiment,

method, and examples, but by all embodiments and methods within the scope and
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spirit of the invention as claimed.

[00233] While the present invention has been described with 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 without
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 within the scope of the

claims appended hereto.
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CLAIMS

That which is claimed is:

1.. A semiconductor memory cell comprising:

a bi-stable floating body transistor; and

an access device;

wherein said bi-stable floating body transistor and said access device are

electrically connected in series.

2. The semiconductor memory cell of claim 1, wherein said access device

comprises a metal-oxide-semiconductor transistor.

3. The semiconductor memory cell of claim 1, wherein said access device

comprises a bipolar transistor.

4. The semiconductor memory cell of claim 2, wherein said access transistor is of

the same conductivity type as said bi-stable floating body transistor.

5. The semiconductor memory cell of claim 2, wherein said access transistor has a
conductivity type different from a conductivity type of said bi-stable floating body

transistor.

6. The semiconductor memory cell of claim 1, wherein said bi-stable floating body

transistor comprises a buried well region.

7. The semiconductor memory cell of claim 1, wherein said bi-stable floating body
transistor comprises a multiple port floating body transistor, and wherein said access device

comprises multiple access transistors.

8. The semiconductor memory cell of claim 7, wherein said bi-stable floating body
transistor comprises a dual-port floating body transistor, and wherein said access device

comprises two access transistors.
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9. A semiconductor memory cell comprising:

a first transistor having a first body;

a second transistor having a second body;

a substrate underlying both of said first and second bodies;

a buried layer interposed between said substrate and at least one of said first and
second bodies;

a first source region contacting said first body;

a first drain region separated from said first source line region and contacting said
first body;

a first gate insulated from said first body;

an insulating member insulating said first body from said second body;

a second source region contacting said second body;

a second drain region separated from said second source region and contacting said
second body; and

a second gate insulated from said second body.

10. The semiconductor memory cell of claim 9, wherein said first gate is
positioned between said first source region and said first drain region and said second gate

is positioned between said second source region and said second drain region.

11. The semiconductor memory cell of claim 9, wherein said first transistor is a

floating body transistor and said second transistor is an access transistor.

12. The semiconductor memory cell of claim 9, wherein said first body is a floating

body and said second body is a well region electrically connected to said substrate.

13. The semiconductor memory cell of claim 9, wherein said first drain region is

electrically connected to said second source region.

14. The semiconductor memory cell of claim 9,wherein said first body has a first
conductivity type selected from p-type conductivity type and n-type conductivity type,

wherein said second body has said first conductivity type, and wherein said first and
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second source regions and first and second drain regions each have a second conductivity
type selected from said p-type conductivity type and n-type conductivity type, and wherein

said first conductivity type is different from said second conductivity type.

15. The semiconductor memory cell of claim 9, wherein said first body is a floating
body and said second body is a well region electrically connected to said buried layer,
wherein said first body has a first conductivity type selected from p-type conductivity type
and n-type conductivity type, and wherein said second body has a second conductivity type
selected from said p-type conductivity type and n-type conductivity type, and wherein said

first conductivity type is different from said second conductivity type.

16. The semiconductor memory cell of claim 9, wherein said semiconductor
memory cell comprises a reference cell, said reference cell further comprising:

a sense line region spaced apart from said first source region and said first drain
region and contacting said first body, wherein said first body has a first conductivity type
selected from p-type conductivity type and n-type conductivity type, and wherein said

sense line region has said first conductivity type.

17. The semiconductor memory cell of claim 9, wherein said first drain region is

electrically connected to said second gate.

18. The semiconductor memory cell of claim 9, wherein said first transistor is a

floating body transistor and said second transistor is a floating body transistor.

19. The semiconductor memory cell of claim 9, wherein said first and second

floating body transistors are configured to store complementary charges.

20. The semiconductor memory cell of claim 9, wherein at least one of said first

and second bodies is a bi-stable floating body.

21. A semiconductor memory cell comprising:

a first transistor having a floating body;
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a buried layer below said floating body, wherein application of voltage on said
buried layer maintains a state of said memory cell; and
a second transistor;

wherein said first and second transistors are connected in series.

22. A semiconductor memory cell comprising:
a bi-stable floating body transistor; and

a floating gate transistor.

23. A semiconductor memory cell comprising:

a first bi-stable floating body transistor; and

a second bi-stable floating body transistor;

wherein said first and second floating body transistors are configured to store

complementary charges.

24. A method of operating a semiconductor memory cell having a bi-stable floating
body transistor and an access transistor, said method comprising:

applying voltage to the access transistor to turn on the access transistor; and

assisting selection of the memory cell for an operation by activating the access

transistor.

25. The method of claim 24, wherein said operation is a read operation comprising

monitoring current through the memory cell to sense a state of the floating body transistor.

26. The method of claim 24, wherein said operation is a write logic-1 operation,
wherein the voltage applied to the access transistor is a positive bias applied to a bit line
terminal of the access transistor, and wherein the access transistor passes said positive bias

to a drain region of the floating body transistor.

27. The method of claim 26, further comprising further biasing the floating body

transistor to maximize hole generation through an impact ionization mechanism.
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28. The method of claim 26, wherein the voltage applied to the access transistor is
biased to cause a source region of the access transistor to float, said method further
comprising increasing potential of a floating body of the floating body transistor by

capacitive coupling.

29. The method of claim 24, wherein said operation is a write logic-0 operation,
wherein the voltage applied to the access transistor is a negative bias, and wherein the

access transistor passes said negative bias to a drain region of the floating body transistor.

30. The method of claim 24, wherein said operation is an active low read

operation.

31. The method of claim 24, wherein said operation is an active low write logic-1

operation.

32. The method of claim 24, wherein said operation is a read operation comprising
monitoring current through the memory cell to sense a state of the floating body transistor;

and wherein the voltage applied to turn on the access transistor is zero voltage.

33. The method of claim 24, wherein said operation is a write logic-1 operation,
wherein the voltage applied to the access transistor comprises applying zero voltage to a
word line terminal of the access transistor, and the write logic-1 operation is performed by

a band-to-band tunneling mechanism.

34. The method of claim 24, wherein said operation is a write logic-1 operation,
wherein the voltage applied to the access transistor comprises applying zero voltage to a
word line terminal of the access transistor, and the write logic-1 operation is performed by

through an impact ionization mechanism.

35. The method of claim 24, wherein said operation is a write logic-1 operation,
and the voltage applied to the access transistor is a positive voltage biased to cause a source
region of the access transistor to float, said method further comprising increasing potential

of a floating body of the floating body transistor by capacitive coupling.
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36. The method of claim 24, wherein said operation is a write logic-0 operation,
wherein the voltage applied to the access transistor is a positive bias applied to a word line

terminal of the access transistor.

37. The method of claim 24, wherein said operation is a write logic-0 operation,
wherein the voltage applied to the a word line terminal of the access transistor is a negative
bias that is more negative than a negative bias applied to a drain region of the floating body

transistor.



