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APPARATUSES AND METHODS FOR MEMORY INCLUDING FERROELECTRIC
MEMORY CELLS AND DIELECTRIC MEMORY CELLS

BACKGROUND

[0001] Memory devices are widely used to store information in various electronic devices
such as computers, wireless communication devices, cameras, digital displays, and the like.
information is stored by programing different states of a memory device. For example,
binary devices have two siates, often denoted by a logic “1” or a logic “0.” In other systems,
more than two states may be stored. To access the stored information, the electronic device
may read, or sense, the stored information in the memory device. To store information, the

electronic device may write, or program, the state in the memory device,

{0002] Varicus types of memory devices exist, including random access memory (RAM),
read only memory (ROM), dynamic RAM (DRAM)}, synchronous dynamic RAM (SDRAM),
ferroelectric RAM (FeRAM), magnetic RAM (MRAM), resistive RAM (RRAM), flash memory,
and others. Memory devices may be volatile or non-volatile. Non-volatile memory, e.g.,
flash memory, can siore data for extended periods of time even in the absence of an
external power source. Volatile memory devices, e.g., DRAM, may lose their stored state
over time unless they are periodically refreshed by an external power source. A binary
memory device may, for example, include a charged or discharged capacitor. A charged
capacitor may, however, become discharged over time through leakage currents, resulting in
the loss of the stored information. Ceriain features of volatile memory may offer
performance advantages, such as faster read or write speeds, while features of non-volatile

memory, such as the ability to store data without periodic refreshing, may be advaniageous.

[0003] FeRAM may use similar device architectures as volatile memory but may have
non-volatile properties due to the use of a ferroelectric capacitor as g siorage device,
FeRAM devices may thus have improved performance compared to other non-volatile and
volatile memory devices. His desirable, however, 1o improve the operation of FeRAM
devices. For example, it may be desirable to have improved noise resistance during
memory cell sensing, more compact circuits and reduced layout size, and improved timing

for operation of FeRAM devices.

SUMMARY

F0004] Apparatuses and methods for memory including ferroelectric memory celis and

dielectric memory cells are disclosed.
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[0005] in an aspect of the disclosure, an apparatus includes first and second memory
cells and first and second bit lines. The first memory cell includes first and second
ferroelectric capacitors configured to store charges representing complementary logical
values. The second memory cell includes first and second dielectric capacitors configured o
store charges representing complementary logical values. The first bit line is selectably
coupled to the first ferrcelectric capadcitor of the first memory cell and to the first dielectric
capacitor of the second memory cell. The second bit line is selectably coupled o the second
ferroelectric capacitor of the first memory cell and to the second dielectric capacitor of the
second memory cell.

[0008] in another aspect of the disclosure, an apparatus includes first and second
memory cells and first and second bit lines. The first memory cell includes a ferroelectric
capacitor configured to store a charge representing a logical value. The second memory cell
includes a dielectric capacitor configured to store a charge representing a logical vaiue. The
first bit line is selectably coupled to the ferroelectric capacitor of the first memory cell and to
the dielectric capacitor of the second memory cell. The second bit line is selectably coupled
{0 the ferroelectric capacitor of the first memory cell and to the dielectric capacitor of the
second memory cell,

{0007 in another aspedct of the disclosure, a method includes reading a data bit from a
first memory cell that includes first and second diglectric capaciiors configured to store
charges that represent the data bit through complementary logical values. The method
further includes latching the dats bit at a sense amplifier, and writing the daia bit from the
sense amplifier 1o a second memory cell that includes first and second ferroelectric
capacitors configured to store charges that represent the data bit through complementary
iogical values.

[0008] in another aspect of the disclosure, a method includes reading a data bit from a
first memory cell thal includes first and second ferroelectric capacitors configured to store
charges that represent the data bit through complementary logical values. The method
further includes latching the data bit at a sense amplifier, and writing the data bit from the
sense amplifier to a second memory cell that includes first and second dielectric capacitors
configured to store charges that represent the data bit through complementary logical
values.

F0009] in another aspect of the disclosure, a method includes reading a data bit from a
first memory cell that includes a dielectric capacitor configured to store a charge that
represents the data bit through a logical value. The method further includes latching the
data bit at a sense amplifier, and writing the daia bit from the sense amplifier io a second
memory cell that includes a ferroelectric capacitor configured 1o store a charge that

represents the data bit through a logical value.
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BRIEF DESCRIPTION OF THE DRAWINGS

{00107 FIG. 1 is a block diagram of an example memory array that supporis ferroglectric

memory in accordance with various embodiments of the present disclosure.

{00117 FIG. 2Ais a schematic diagram of an example circuit that includes a column of

memory cells according to an embodiment of the present disclosurs.

[0012] FIG. 2B is a schematic diagram of a sense component according to an

ambodiment of the disclosure.

§0013] FIG. 3A and FIG. 3B are diagrams of example non-linear electrical properties for
a ferroelectric memory cell in accordance with various embodiments of the present

disclosure.

[0014] FIG. 4Ais a schematic diagram of example memory cells including two

transistors and two capacitors according 10 an embodiment of the disclosure.

[0015] FIG. 4B is a diagrammatic cross-sectional side view of a region of an example
memory array showing example memory cells including two transistors and two capacitors

according to an embodiment of the disclosure.

[0018] FIG. A is a schematic diagram of example memory cells including two

fransistors and two capacitors according to an embodiment of the disclosure.

{00177 FiG. 8B is a diagrammatic cross-sectional side view of a region of an example
memory array showing example memory cells including two transistors and two capacitors

according to an embodiment of the disclosure.

[0018] FIG. 8Ais a schematic diagram of example memory cells including two

fransistors and two capacitors according to an embodiment of the disclosure.

{0013 FiG. 8B is a diagrammatic cross-sectional side view of a region of an example
memory array showing example memory celis including two transisiors and two capaciiors

according to an embodiment of the disclosure.

[0020] FIG. 7A and FIG. 78 are timing diagrams that lustrate a memory operation that
copies data from a 2T2C DRAM memory celi {o a 2T2C NVRAM memory cell in accordance

with an embodiment of the present disclosure.

{00213 FIG. 8A and FIG. 8B are a timing diagrams that illustrate a memory operation that
copies data from an 2T2C NVRAM memory cell to a 2720 DRAM memory cell in

accordance with an embodiment of the present disclosure.
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{0022] FIG. 9Ais a schematic diagram of example memory cells including one transistor

and one capacitor according to an embodiment of the disclosure.

[0023] FIG. 9B is a schematic diagram of an example circuit that includes two memaory

cells coupled to a sense amplifier.

{00247 FIG. 8C is a diagrammatic cross-sectional side view of a region of an example
memory array showing example memory celis including one transisior and one capaciior

according to an embodiment of the disclosure.

{0025] FIG. 10A and FIG. 10B are timing diagrams that illustrate a memory operation
that copies data from a 1T1C DRAM memory cell to an 1T1C NVRAM memaory cell in

accordance with an embodiment of the present disclosure.

{00286] FIG. 11A and FIG. 11B are timing diagrams that illustrate a memory operation
that copies data from an 1710 NVRAM memaory cell to a 1T1C DRAM memaory cell in

accordance with an embodiment of the present disclosure.

§0027] FIG. 12 illustrates an example circuil that includes a planar arrangement of

memory cells in accordance with the present disclosure.

[0028] FIG. 13 is a block diagram of a memory that supports a ferroelectric memory in

accordance with various embodiments of the present disclosure.

{00291 FIG. 14 is a block diagram of a systern that suppornts a ferreelectric memory in

accordance with various embodiments of the present disclosure.

DETAILED DESCRIPTION

[0030] Cerlain details are set forth below 1o provide a sufficient understianding of
embodiments of the disclosure. However, it will be clear to one skilled in the art that
embodimenis of the disclosure may be practiced without these particular details. Moreover,
the particular embodiments of the present disclosure described herein are provided by way
of example and should not be used o limit the scope of the disclosure to these particular
embodiments. In other instances, well-known circuits, control signals, timing protocols, and
software operations have not been shown in detail in order to avoid unnecessarily obscuring

the disclosure.

[0031] FIG. 1 #lustrates an example memory array 10 that supporis a hybrid
ferroelectric/dielectric memory in accordance with various embodiments of the present
disclosure. Memory array 10 may also be referred o as an electronic memory apparatus.

Memory array 10 includes memory celis 105 that are programmable 1o store different states.
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Each state may represent different logic values. For exampile, for a memory storing iwo
states, the logic values may be denoled as a logic 0 and a logic 1. In some cases, memory
cell 105 is configured o store more than two logic values. A memory cell 105 may include a
plurality of capacitors o store a charge representative of the programmable states. For

example, charged and uncharged capacitors may represent two logic values, respectively.

[0032] A memory cell 105 of the memory array may be either a ferroelectric memaory cell
or a dielectric memory cell. A ferroelectric memeory cell may be configured as a non-volatile
random-access memory (NVRAM) cell, which retains information when power is furned off.
A dielectric memory cell may be configured as dynamic randome-access memory cell
{(DRAM), which maintains data as long as power is applied. A ferroelectric memory cell, also
referred 1o herein as an NVRAM memory cell, may include one or more capacitors that have
a ferroelectric material disposed between opposing capacitor plates. Different levels of
charge of a ferroelectiic capacitor may represent different logic values. A dislectric memory
cell, also referred 1o herein as a DRAM memory cell, may include one or more capacitors
that have dielectric malerial disposed between opposing capacitor plates. Different levels of
charge of a dieleclric capacitor may represent different logic values. A ferrgelectric memory
cell may have beneficial properties that may result in improved performance relative 10 other
memory architectures, for example, persistent storage of logic vaiues without the need for
pericdic refresh operations. A dielectric memory cell may have beneficial properties that
may result in improved performance relative 1o other memory architectures, for example,

higher speed of memory access operations,

[0033] Operations such as reading and writing may be performed on memory celis 105
by activating or selecting the appropriate access lines 12 and sense lines 15, Access lines
12 may also be referred to as word lines 12 and sense lines may also be referred {o as digit
lines. Aclivating or selecting a word line 12 or a digit line 15 may include applving a voltage
10 the respective line. Word lines 12 and digit lines 15 are made of conductive materials.
For example, word lines 12 and digit lines 15 may be made of metals (such as copper,
aluminum, gold, tungsten, etc), metal alloys, doped semiconductors, other conductive
materials, or the like. According to the example of FIG. 1, each row of memory celis 105 is
coupled to a word fine 12. NVRAM memory ceils 105 are coupled to word line 12 WLNV.
DRAM memory cells 105 are coupled to word line 12 WLD. Each column of memory cells
105 is coupled to digit lines 15 BLT and BLC. By activating the respective word lines 12 and
digit ines 15 {(e.q., applying a voliage to the word lines 12 or digit lines 1%), a memory cell
1086 may be accessed at their intersection. Accessing the memory cell 105 may include
reading or wriling the memory cell 105, The infersection of a word lines 12 and digit lines 15

may be referred 10 gs an address of 2 memory cell.
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[0034] in some architectures, the logic storing device of a cell, e.g., capacitors, may be
electrically isolated from the digit lines by selection components. A word line 12 may be
coupled {0 and may control the selection components. For example, the selection
componenis may be fransistors and the word line 12 may be coupled to the gates of the
transistors. Aclivating the word line 12 resulis in an electrical coupling or closed circuit
between the capacitors of a memory cell 108 and corresponding digit line 15. The digit lines

may then be accessed {0 either read or write the memory cell 105,

[0035] Accessing memory cells 105 may be conirolied through a row decoder 20 and a
column decoder 30. In some examples, a row decoder 20 receives g row address from the
memory controller 40 and activates the appropriate word lines 12 based on the received row
address. Similarly, a column decoder 30 receives g column address from the memory
controlier 40 and activates the appropriate digit ines 15. For example, memaory array 10
may include multiple word lines 12, and multiple digit lines 15. Thus, by activating word lines
12 WLNV and WLD and digit lines 15 BLT and BLC, the memory cell 105 at their

intersection may be accessed.

[0038] Upon accessing, a memory cell 105 may be read, or sensed, by sense
component 25 to delermine the stored state of the memory cell 105, For example, after
accessing the memory cell 105, the capacitors of memory cell 105 may discharge onto
corresponding digit ines 15. Discharging the capacitors may be based on biasing, or
applying a voitage, to the capacitors. The discharging may cause a change in the voliage of
the digit lines 15, which sense component 25 may compare o a reference voltage (not
shown)} in order to determine the stored state of the memory cell 105. For example, if a digit
fine 15 has a higher voliage than the reference voliage, then sense component 25 may
determine that the stored state in memory cell 105 is a logic 1 and vice versa, Sense
component 25 may include various transistors or amplifiers in order to detect (&.q., compare)
and amplify a difference in the signals, which may include latching the amplified difference.
A separate sense component 25 may be provided for each pair of digit lines BLT and BLC.
The detected logic state of memory cell 105 may then be ouiput through column decoder 30

as ouiput 35.

[0037] A memory cell 105 may be programimed, or writlen, by activating the relevant
word lines 12 and digit lines 15, As discussed above, activating word lines 12 couples the
corresponding row of memaory cells 105 1o their respective digit Hines 15. By controlling the
relevant digit lines 15 while the word lines 12 are activated, a memory cell 105 may be
written—e.g., a logic value may be stored in the memory cell 105, Column decoder 30 may

accept data, for example input 35, {0 be written to the memory cells 105. A memory cell 105
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may be writien by applying a voltage across the capacitor. This process is discussed in

more detail below.

[0038] in some memory architectures, accessing the memory cell 105 may degrade or
destroy the stored logic state, and re~write (.., restore) operations may be performed io
return the original logic state to memory cell 105, For example, the capaciiors may be
partially or completely discharged during a sense operation, corrupting the stored logic state.
So the logic state may be re~writlen after g sense operation. Additionally, activating word
lines 12 may result in the discharge of all memory cells in the row. Thus, several or all

memory cells 105 in the row may need to be re~writlen.

[0039] The memory controller 40 may control the operation (e.q., read, write, restore,
etc) of memory cells 105 through the various components, such as row decoder 20, column
decoder 30, and sense compoenent 25. Memory controller 40 may generate row and column
address signals in order to activate the desired word lines 12 and digit lines 15, Memory
controlier 40 may also generate and conirol various voltage potentials used during the
operation of memory array 10, In general, the amplitude, shape, or duration of an applied
voltage discussed herein may be adjusted or varied and may be different for the various
operations for operating memory array 18, Furthermore, one, multiple, or all memaory celis
185 within memory array 10 may be accessed simulianeously. For example, multiple or all
celis of memory array 10 may be accessed simultaneously during a reset operation in which

all memory celis 105, or a group of memory cells 105, are set io a single logic state.

[0048] A memory cell 105 of the memory array may be either an NVRAM memory cell or
a DRAM memory cell. In accordance with various embaodiments, DRAM and NVRAM
memory cells may be used separately or together. In some cases, a DRAM memory cell
may be paired with an NVRAM memory cell such that DRAM provides high speed access
during normal gperations and the NVRAM provides non-volatile storage. Here, the data
stored in the DRAM cell may be backed-up to g corresponding NVRAM cell in the event
power loss and so on. In other cases, the DRAM and NVRAM memory cell may be

separately addressable and thus independent of each other.

[0041] FIG. 24 illusirates an example circuit 200 that includes a column of memory cells
according to an embodiment of the present disclosure. FIG. 2A illustrates an example cirouit
200 that includes memory cells 105 in accordance with various embodiments of the present
disclosure. Circuit 200 includes NVRAM memory cells 105 NVMCO)-NVMC(n) and DRAM
memory cells DMCO)-DMC(n), where “n” depends on the array size. The circuit 200 further
includes word lines WLNV(O-WLNV( and WLD(O-WLD(n}, digit lines BLT and BLC, and

sense component 25, The digit line BLT is coupled 10 a sense node A of the sense

-~d
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component 25 and the digit line BLC is coupled 10 a sense node B of the sense component
25. The word lines, digit lines, and sense component may be examples of memory celis

105, word lines 12, digit lines 15, and sense component 25, respectively, as described with
reference to FIG. 1. While one column and 2n rows of memory cells 105 are shown in FIG,

2A, a memory array may include many columns and rows of memory cells as those shown.

[0042] Memory celis 105 may include a logic storage component, such as capacitors
and selection components (not shown in FIG. 2A). In the NVRAM memory cells NVMC(O)-
NVMC(n}, the capacitors of the memory cells 105 may be ferroelectric capacitors. In the
DRAM memory cells DMC(0)-DMC{n), the capacitors of the memory cells 105 may be
dielectric capacitors. The capacitors may discharge upon coupling to digit lines BLT and
BLC. As previously described, various states may be stored by charging or discharging the
capacitors of the memory cell 105, The selection components of memory cell 105 may be
activated by a respective word line. The NVRAM memory celis NVMC{O}:NVMC(n} may be
activated by a respective word line WLNV{0}-WLNV{n). The DRAM mamory cells DMC{0)-
DMC{n) may be activated by a respective word line WLD(O-WLD ().

[0043] The NVRAM memory cells NVMC(O}-NVMOC{n) may be coupled to a plate line
CPNV({D-CPNV(n) that may be used during access of the NVRAM memory celis. The
DRAM memory cells DMC(0)-BMC{n) may be coupled io a plate line CPD that may be used
during access of the DRAM memory cells 105. In some embodiments, the plate line CPD is
tied to a constant voltage, while one or more of the plate lines CPNV({0}-CPNV(n) is coupled
{0 a voltage driver that drives the plate lines CPNV(0)-CPNV{n) with different voltages. As
described in greater detail below, the plate lines CPNV{D)-CPNV(n) may be driven with

different vollages during different phases of an NVRAM wrile operation.

{0044 The stored staie of a memory cell 105 may be read or sensed by operating
various elements represented in circuit 200, Memory celi 105 may be in electronic
communication with digit lines BLT and BLC. For example, as will be described in more
detail below, capacitors of the memory cell 105 can be isolated from digit lines BLT and BLC
when selection components of the memory cell 105 are deaclivated, and the capacitors can
be coupled to digit lines BLT and BLC when selection components are activated. Activating
selection components of the memory cells 105 may be referred to as selecting memory cell
105, In some cases, selection components are transistors and the operation is controlied by
applying voltages 1o the transistor gates, where the voltage magnitude is greater than the
threshold voltage of the fransistors. Word lines WLNV and WLD may activate the selection
components. For example, a voltage applied to word line WLNV or WLD is applied to the

transistor gale of the selection components of the memory cell 185, As a resuli, the



capacitors of the selected memory cell 105 are coupled to digit lines BLT and BLC,
respectively.

[0045] Word lines WLNV(0)-WLNV(n) are in electronic communication with selection
components of memory cells 105 NVMC(0)-NVMC(n), respectively. Thus, activating the
word line WLNV of a respective memory cell 105 NVMC may activate the memory cell 105
NVMC. For example, activating WLNV(0) activates memory cell NVMC(0), activating
WLNV(1) activates memory cell NVMC(1), and so on. Word lines WLD(0)-WLD(n) are in
electronic communication with selection components of memory cells 105 DMC(0)-DMC(n),
respectively. Thus, activating the word line WLD of a respective memory cell 105 DMC may
activate the memory cell 105 DMC. For example, activating WLD(0) activates memory cell
DMC(0), activating WLD(1) activates memory cell DMC(1), and so on.

[0046] To sense the logic value stored by a memory cell 105, the word line WLNV or
WLD may be biased to activate a respective memory cell 105, and a voltage may be applied
to the digit lines BLT and BLC to change a voltage of the digit lines BLT and BLC. Activation
of the memory cell 105 may cause a voltage change of the digit lines BLT and BLC that is
based on charge stored on the capacitors of the memory cell 105. The change in the
voltage of digit lines BLT and BLC may cause a change on sense nodes A and B of the
sense component 25, respectively. The resulting voltage of digit lines BLT and BLC may be
compared to one another by the sense component 25 in order to determine the logic value
represented by the stored state of each memory cell 105.

[0047] With regards to an NVRAM memory cell, biasing the plate line CPNV of an
activated memory cell 105 may result in a voltage difference across the capacitors of the
activated memory cell 105, which may yield a change in the stored charge on the capacitors.
The magnitude of the change in stored charge may depend on the initial state of each
capacitor—e.g., whether the initial state stored corresponded to a logic 1 or a logic 0. When
the selection components of the memory cells 105 are activated by the word line WLNV, the
change in stored charge due to biasing the plate line CPNV may cause a change in the
voltages of digit lines BLT and BLC based on the charge stored on the capacitors of the
activated memory cell 105. With regards to a DRAM memory cell, activating the memory
cell 105 may cause charge stored on the capacitors to change voltages of the digit lines BLT
and BLC. As previously described, the resulting voltage of the digit lines BLT and BLC may
be used to determine the logic value of the stored state of the memory cell 105.

[0048] Sense component 25 may include various transistors or amplifiers to detect and
amplify a difference in signals, which may including latching the amplified difference. Sense
component 25 may include a sense amplifier that receives and compares the voltage of its
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sense nodes (e.g., sense nodes A and B). The voltages of the sense nodes A and B may be
affected by the voltages of the digit lines BLT and BLC, respectively. The sense amplifier
oulput {e.g., sense node A) may be driven to a higher {(e.q., a positive) or lower (e.g.,
negative or ground) supply voltage based on the comparison. The other sense node (e.q.,
sense node B) may be driven 1o a complementary voltage (e.g., the positive supply voltage
is complementary {o the negative or ground voltage, and the negative or ground vollage is
complementary to the positive supply voltage). Forinstance, ifthe sense node Ahas a
higher voltage than sense node B, then the sense amplifier may drive the sense node Ato a
positive supply voliage and drive the sense node B {0 a negative or ground voltage. Sense
component 25 may latch the state of the sense amplifier (e.g., voliages of sense node A
and/or sense node B and/or the voliages of digit lines BLT and BLC), which may be used io
determine the stored state and logic value of memory cell 105, e.g., logic 1. Alternatively, if
the sense node A has a lower voltage than sense node B, the sense amplifier may drive the
sense node A 1o a negative or ground voitage and drive the sense node B to a positive
supply voltage. Sense component 25 may also laich the sense amplifier state for

determining the stored state and the logic value of memory cell 105, e.g., logic 0.

{0043 The stored staie may represent a logic value of memory cell 105, which may then
be outpui, for example, through column decoder 30 as oufput 35 with reference to FIG. 1. In
embodimenis where the sense component 25 also drives the digit lines BLT and BLC {0
complementary voltages, the complementary voltages may be applied to the memory celi
105 1o restore the original data state read. By restoring the data, a separate restore

operation is unnecessary.

[0050] A particular memory cell 105 may be implemented with various combinations of
fransistors (1) and capacitors (C). Any appropriate configuration may be used in accordance
with the present disclosure. For example, a particular memory celf 108 may be implemented
with configurations such as 1T1C, 2T1C, 2T2C, 3T2C, 4T2C, and so on. Furthermore,
different memory cells may be stacked or paired with each other in any combination or
configurations and cell types. For example, a 171C DRAM cell may be paired with or
stacked with a 1T10 NVRAM cell, a 1T1C DRAM cell may be paired with or stacked with a
2T2C NVRAM cell, a 2T2C DRAM cell may be paired with or stacked with a 1710 NVRAM
cell, a 2T2C DRAM cell may be paired with or stacked on a 2720 NVRAM cell, and so on.

{00517 FIG. 2B Hlustrates g sense component 25 according to an embodiment of the
disclosure. The sense component 25 includes p-type field effect transisiors 252 and 256
and n-type field effect transisiors 262 and 266. Gates of the transistor 256 and transistor
266 are coupled {0 sense node A, Gates of the transistor 252 and transistor 262 are

coupled {0 sense node B, The transistors 252 and 256, and the transistors 262 and 2656

10
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represent a sense amplifier. A p-type field effect transistor 258 is configured to be coupled
10 a power supply (e.g., VREAD voltage power supply) and is coupled to a common node of
the fransistors 252 and 256. The transistor 258 is activated by an active PSA signal (e.q.,
active low logic). An n-type field effect transistor 268 is configured to be coupled {0 a sense
amplifier reference voltage (e.g., ground) and is coupled 10 & common node of the transistors
262 and 266. The transisior 268 is activated by an active NSA signal (2.g., active high
logic).

(00521 in operation, the sense amplifier is aclivated by activating the PSA and NSA
signals to couple the sense amplifier to the voltage of the power supply and the sense
amplifier reference vollage. VWhen activated, the sense amplifier compares the vollages of
sense nodes A and B, and amplifies a voltage difference by driving the sensenodes Aand B
1o complementary voltage levels (e.g., driving sense node Ato VREAD and sense node Bto
ground, or driving sense node A to ground and sense node B to VREAD). When the sense
nodes A and B have been driven o the complementary voltage levels, the voliages of sense
nodes A and B arg latched by the sense amplifier and remain laiched until the sense

amplifier is deactivated.

[0053] With reference to FIG. 24, to wiite memory cell 105, a voltage may be applied
across the capacitors of the memory celt 185, Various methods may be used. In some
examples, selection components may be activated through word lines WL, respectively, in
order to couple the capacitors {0 digit lines BLT and BLC, For example, a voltage may be
applied across capaciiors of the memaory cell 105 by conirglling the voltage of digit lines BLT
and BLC to apply a positive or negative voliage across the capacitors. n some
embodiments, a complementary voltage is applied {o the capacitors of the memory cell 105
{0 write the memory cell 105, for example, using the digit lines BLT and BLC, and piate line
CP. As a non-limiting example, in some embodiments, to wrile a first logic value to the
memory cell 105 g first voltage is applied to one plate of the capacitors and a second voltage
complementary to the first voltage is applied to the other plate of the capacitors, and {o write
a second logic value 1o the memory cell 105 the second voltage is applied to the one plate of

the capacitors and the first voltage is applied to the other plate of the capacitors.

{00547 In some examples, a restore operation may be performed after sensing. As
previously discussed, the sense gpergtion may degrade or destroy the originally stored siate
of the memory cell 105, After sensing, the state may be writien back to the memory cell 108,
For example, sense component 25 may determine the stored state of memory cell 105 and

may then write the same state back, for example, through the digit lines BLT and BLC.

11



[0055] Ferroelectric materials have non-linear polarization properties. FIG. 3A and FIG.
3B illustrate examples of non-linear electrical properties with hysteresis curves 300-a (FIG.
3A) and 300-b (FIG. 3B) for a memory cell for ferroelectric memory in accordance with
various embodiments of the present disclosure. Hysteresis curves 300-a and 300-b illustrate
an example ferroelectric memory cell writing and reading process, respectively. Hysteresis
curves 300 depict the charge, Q, stored on a ferroelectric capacitor (e.g., the capacitor
associated with a non-volatile memory cell NVMC 105 of FIG. 2A) as a function of a voltage
difference, V.

[0056] A ferroelectric material is characterized by a spontaneous electric polarization, for
example, it maintains a non-zero electric polarization in the absence of an electric field.
Example ferroelectric materials include barium titanate (BaTiOs3), lead titanate (PbTiO3), lead
zirconium titanate (PZT), and strontium bismuth tantalate (SBT). The ferroelectric capacitors
described herein may include these or other ferroelectric materials. Electric polarization
within a ferroelectric capacitor results in a net charge at the ferroelectric material’s surface
and attracts opposite charge through the capacitor terminals. Thus, charge is stored at the
interface of the ferroelectric material and the capacitor terminals. Because the electric
polarization may be maintained in the absence of an externally applied electric field for
relatively long times, even indefinitely, charge leakage may be significantly decreased as
compared with, for example, capacitors employed in volatile memory arrays. This may
reduce the need to perform refresh operations as described above for some volatile memory
architectures.

[0057] Hysteresis curves 300 may be understood from the perspective of a single
terminal of a capacitor. By way of example, if the ferroelectric material has a negative
polarization, positive charge accumulates at the terminal. Likewise, if the ferroelectric
material has a positive polarization, negative charge accumulates at the terminal.
Additionally, it should be understood that the voltages in hysteresis curves 300 represent a
voltage difference across the capacitor and are directional. For example, a positive voltage
may be realized by applying a positive voltage to the terminal in question and maintaining
the second terminal at ground (or approximately zero volts (0V)). A negative voltage may be
applied by maintaining the terminal in question at ground and applying a positive voltage to
the second terminal, for example, positive voltages may be applied to negatively polarize the
terminal in question. Similarly, two positive voltages, two negative voltages, or any
combination of positive and negative voltages may be applied to the appropriate capacitor
terminals to generate the voltage difference shown in hysteresis curves 300.

[0058] As depicted in hysteresis curve 300-a, the ferroelectric material may maintain a
positive or negative polarization with a zero voltage difference, resulting in two possible
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charged states: charge state 305 and charge state 310. According to the example of FIG. 3,
charge state 305 represents a logic 0 and charge state 310 represents a logic 1. In some
examples, the logic values of the respective charge states may be reversed without loss of
understanding.

[0059] A logic 0 or 1 may be written to the memory cell by controlling the electric
polarization of the ferroelectric material, and thus the charge on the capacitor terminals, by
applying voltage. For example, applying a net positive voltage 315 across the capacitor
results in charge accumulation until charge state 305-a is reached. Upon removing voltage
315, charge state 305-a follows path 320 until it reaches charge state 305 at zero voltage
potential. Similarly, charge state 310 is written by applying a net negative voltage 325,
which results in charge state 310-a. After removing negative voltage 325, charge state 310-
a follows path 330 until it reaches charge state 310 at zero voltage. Charge states 305 and
310 may also be referred to as the remnant polarization (Pr) values, which is the polarization
(or charge) that remains upon removing the external bias (e.g., voltage).

[0060] To read, or sense, the stored state of the ferroelectric capacitor, a voltage may be
applied across the capacitor. In response, the stored charge, Q, changes, and the degree of
the change depends on the initial charge state, and as a result, the final stored charge (Q)
depends on whether charge state 305-b or 310-b was initially stored. For example,
hysteresis curve 300-b illustrates two possible stored charge states 305-b and 310-b.
Voltage 335 may be applied across the capacitor as previously discussed. Although
depicted as a positive voltage, voltage 335 may be negative. In response to voltage 335,
charge state 305-b may follow path 340. Likewise, if charge state 310-b was initially stored,
then it follows path 345. The final position of charge state 305-c and charge state 310-c
depend on a number of factors, including the specific sensing scheme and circuitry.

[0061] In some cases, the final charge may depend on the intrinsic capacitance of the
digit line coupled to the memory cell. For example, if the capacitor is coupled to the digit line
and voltage 335 is applied, the voltage of the digit line may rise due to its intrinsic
capacitance. So a voltage measured at a sense component may not equal voltage 335 and
instead may depend on the voltage of the digit line. The position of final charge states 305-c
and 310-c on hysteresis curve 300-b may thus depend on the capacitance of the digit line
and may be determined through a load-line analysis. Charge states 305-c and 310-c may
be defined with respect to the digit line capacitance. As a result, the voltage 360 of the
capacitor, voltage 350 or voltage 355, may be different and may depend on the initial state of
the capacitor.
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[0062] By comparing the digit line voltage to a reference voltage, the initial state of the
capacitor may be determined. The digit line voltage may be the difference between voltage
335 and the final voltage 360 across the capacitor, voltage 350 or voltage 355 (e.g., voltage
335 — voltage 350) or (e.g., voltage 335 — voltage 355). A reference voltage may be
generated such that its magnitude is between the two possible digit line voltages in order to
determine the stored logic state, for example, if the digit line voltage is higher or lower than
the reference voltage. For example, the reference voltage may be an average of the two
quantities (voltage 335 — voltage 350) and (voltage 335 — voltage 355). In another example,
the reference voltage may be provided by isolating a voltage on first sense node of a sense
component, then causing a voltage change on a second sense node of the sense
component through a digit line, and comparing the resulting voltage of the second sense
node with the isolated voltage of the first sense node. Upon comparison by the sense
component, the sensed digit line voltage may be determined to be higher or lower than the
reference voltage, and the stored logic value of the ferroelectric memory cell (e.g., a logic 0
or 1) may be determined.

[0063] As mentioned, a particular memory cell 105 may be implemented with various
combinations of transistors (T) and capacitors (C) and any appropriate configuration may be
used in accordance with the present disclosure. For example, a particular memory cell 105
may be implemented with configurations such as 1T1C, 2T1C, 2T2C, 3T2C, 4T2C, and so
on. Furthermore, different memory cells may be stacked or paired with each other in any
combination or configurations and cell types. In order to more particularly describe the
operation of memory cells 105 in accordance with embodiments of the present disclosure,
the following discussion references 2T2C and 1T1C memory cells by way of example and
not limitation. It should be appreciated that the operations discussed below are specific
examples of concepts that may be applied more generally to any memory cell configuration
used to implement a memory cell 105 embodiment.

[0064] FIG. 4A is a schematic diagram of an example circuit 400 that includes two
memory cells 105(0) and 105(1) according to an embodiment of the disclosure. A dashed
line demarcates an approximate boundary of the memory cell 105. Each of the memory
cells 105 includes two selection components T1 and T2 and two capacitors C1 and C2. The
capacitors C1 and C2 of the first memory cell 105(0) may be ferroelectric capacitors. The
capacitors C1 and C2 of the second memory cell 105(1) may be dielectric capacitors. The
selection components T1 and T2 of two memory cells 105(0) and 105(1) may be transistors,
for example, n-type field effect transistors. In such an example, each of the memory cells
105 includes two transistors and two capacitors (e.g., 2T2C).
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[0065] Operation of the selection components T1 and T2 is controlled by applying
voltages to the fransistor gates. A respective word line may activate the selection
components. WLNV(0) may activate the selection components T1 and T2 of memory celi
105(0). WLD({0) may activate the selection components T1 and T2 of memory cell 105(1).
The capacitor C1 has g first plate and a second plate. In the first memory cell 105(0), the
first plate of capacitor C1 is coupled 1o the plate line CPNV(0). In the second memaory cell
105(1}, the first plate of capacitor C1 is coupled 1o the plate line CPD. The capaciior C2 has
a first plate and g second plate. In the first memory cell 105(0), the first plate of capaciior C2
is coupled to the plate line CPNV{0}. In the second memory cell 105{1), the first plate of
capacitor C2 is coupled io the plate line CPD. In the first and second memaory celis 105(0)
and 105(1 }, the second plate of the capacitor C1 is coupled to the selection component T1
and the second plate of the capacitor C2 is coupled to the selection component T2, The
selection component T1 is further coupled to a digit line BLT and the selection component
T2 is further coupled to a digit line BLC.

[0068] Vwhen activated, such as by respeactive word lines {e.g. WLNV{(} for the memory
cell 105(0), and WLD(0) for the memory cell 105(1)}, the second plate of the capacitor C1
and the second plate of the capacitor C2 are coupled to the digit lines BLT and BL.C,
respectively. As previously discussed, when coupled to the digit lines BLT and BLC, the
memory cells 105 may be accessed. For example, a stored stale of the memory cells 105
may be read and/or the memory celis 105 may be written to store a new state or the same
state. Various voltages, for example, complementary voltages in some embodiments, may
be applied to the plates of the capacitor C1 and C2 over the digit lines BLT and BLC and the
plate line CP o access (e.g., read and/or write) the memory cells 105, In some
embodiments, the plate line CPD is tied 1o a constant vollage, while the plate line CPNV is
coupled to a voltage driver that drives the plate lines CPNV with different voltages. The
plate line CPNV may be driven with different voltages during different phases of an NVRAM

write operation.

{0067 FIG. 4B shows a portion of a memory array 10 including the example circuit 400
of FIG. 4A according to an embodiment of the disclosure. in the embodiment of FIG. 4B, the
memory cell 185(0) is vertically stacked over the memory cell 105(1). A dashed line
demarcates an approximate boundary of the memory celis 105(0) and 105{(1}. Insome
embodiments the memory celis 105 of FIG. 4A may be considered to comprise memory celis

within an 8F2 archiieciure, where F indicales a minimum features size of a given technology.

{0068] The #lustrated portion of memaory array 10 is supported by a base (not shown}.
The base may comprise semiconductor material; and may, for example, comprise, consist

essentially of, or consist of monocrystalline silicon. The base may be referred 1o as a
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semiconductor substrate. The term "semiconductor subsirate” means any consiruction
comprising semiconductive material, including, but not limited to, bulk semiconductive
materials such as a semiconductive wafer (either alone or in assemblies comprising other
materials), and semiconductive material lavers (either alone or in assemblies comprising
other materials). The term "substrate” refers {o any supporting structure, including, but not
limited to, the semiconductor substrates described above. In some applications the base
may correspond to a semicondudctor substrate containing one or more materials associated
with integrated circuit fabrication. Such materials may include, for example, one or more of

refractory metal materials, barrier materials, diffusion materials, insulator materials, elc.

§006%] The memory celis 105(0) and 105(1) are in a common column as one another
within the memory array. Digit ines BLT and BLO are between the memory cells 105(0) and
105(1}, and extend in and out of the page relative {0 the cross-section of FIG. 4B, The digit
lines BLT and BLC may be coupled with a sense component 25 of the type previously
described with reference o FIGS. 1 and 2. The digit lines BLT and BLC are shared by the
memory cells 105(0) and 105(1).

F0078] The memory cell 105(0) comprises first and second transistors T1 and T2 which
are laterally displaced relative 10 one another. The memory celi 105(0) comprises the first
capacitor C1 above the first fransistor T1, and comprises the second capacitor C2 above the
second transistor T2, The first transistor T1 is vertically displaced relative to the first
capacitor C1 and the second transistor T2 is vertically displaced relative to the second
capacitor C2. The first capaciior C1 comprises a first plate 114, a second plate 118, and
ferroelectric material 118 between the first and second plates 114 and 116. The second
capacitor C2 comprises a first plate 120, a second plate 122, and ferroelectric material 124

between the first and second plates 120 and 122

[0071] in the shown embodiment the second plates 118 and 122 are container-shaped
outer plates, and the first plates 114 and 120 are inner plates which exiend into the
container-shaped outer plates. In other embodiments the second plates 116 and 122 may
have other configurations, and the first plates 114 and 120 may also have other

configurations.

{00721 The first plates 114 and 120 are coupled with a plate line structure CPNV(0)
provided above the first and second capacitors C1 and C2 of the memory cell 105(0). In the
illustrated embodiment the first plates 114 and 120 share a common composition with the
plate line structure CPNV(0). In other embodiments, the plate line structure CPNV(0) may

comprise a different composition as compared to the first plates 114 and 120.
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[0073] The first and second capaciiors C1 and CZ are laterally displaced relative to one
another, and in the shown embuodiment are in a same horizontal plane as one another (i.e.,
are horizontally aligned with one ancther). The first transistor T1 is between the first
capacitor C1 and the digit line BLT, and the second transistor T2 is between the second
capacitor C2 and the digitline BLC. In the shown embodiment the first and second
transistors T1 and T2 are in a common horizontal plane as one another, and the word line
WLNV(D) exdends along such horizontal plane and comprises the gates 130 and 142 of the
first and second fransistors T1 and 72.

(00741 A first semiconductor pillar 128 extends upwardly from the digit line BLT {o the
second plate 116 of the first capacitor C1, and the first transistor T1 is along such first
semiconductor pillar. A second semiconductor pillar 140 extends upwardly from the digit line
BLC 1o the second plate 122 of the second capacitor C2, and the second transistor T2 is

along the second semiconductor pillar 140,

[0075] The first transistor T1 includes the gate dielectric material 132, and further
includes the first channel region within the semiconductor pillar 128 and along the gate
dielectric material 132, and source/drain regions 136 and 138 within the semiconductor pillar
and on opposing sides of the channel region. The source/drain region 136 is coupled with
the second plate 116 of first capacitor C1, and the source/drain region 138 is coupled with
the digit line BLYT. The second transistor T2 includes the gate dielectric material 144, and
further includes the second channel region within the semiconductor pillar 140 and along the
gate dielectric material 144, and source/drain regions 148 and 150 within the semiconductor
pillar and on opposing sides of the channel region. The source/drain region 148 is coupled
with the second plate 122 of second capacitor C2, and the source/drain region 150 is

coupled with the digit line BLC,

[0078] The memory cell 105(1) comprises first and second fransistors T1 and T2 which
are laterally displaced relative to one another. The memory celf 105(1) comprises the first
capacitor C1 below the first transistor T1, and comprises the second capacitor C2 below the
second transistor T2, The first fransistor T1 is vertically displaced relative to the first
capacitor C1 and the second transistor T2 is vertically displaced relative to the second
capacitor C2. The first capacitor C1 comprises a first plate 115, a second plate 117, and
dielectric material 119 between the first and second plates 115 and 117. The second
capacitor C2 comprises a first plate 121, a second plate 123, and dielectric material 125

between the first and second plates 121 and 123,

(0077} in the shown embodiment the second plates 117 and 123 are container-shaped

outer plates, and the first plates 115 and 121 are inner plates which extend inio the
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container-shaped outer piates. In other embodimenis the second plates 117 and 123 may
have other configurations, and the first plates 115 and 121 may also have other
configurations. In one example, the first plates 115 and 121 (coupled 1o the plate line CPD)
may be container-shaped and the second plates 117 (coupled to the pillar 129 including the
source/drain region 137) and 123 (coupled to the pillar 141 including the source/drain region

149} may be inner plates, which extend into the container-shaped outer plates.

[0078] The first plates 115 and 121 are coupled with a plate line structure CPD provided
below the first and second capacitors C1 and C2 of the memory cell 105(1). In the iHustrated
embodiment the first plates 115 and 121 share a common composition with the plate line
structure CPD. in other embodiments the plate line structure CPD may comprise a different

composition as compared to the first plates 115 and 121.

[0079] The first and second capacitors C1 and C2 are laterally displaced relative to one
another, and in the shown embodiment are in a same horizonial plane as one another (i.e,,
are horizontally aligned with one ancther). The first transistor T1 is between the first
capacitor C1 and the digit line BLT, and the second transistor T2 is between the second
capacitor C2 and the digitline BLC. In the shown embodiment the first and second
transistors T1 and T2 are in a common horizontal plane as one another, and the word line
WLD(D) extends along such horizontal plane and comprises the gates 131 and 143 of the

first and second transistors Tt and T2.

[0088] A first semiconductor pillar 128 extends downwardly from the digit line BLT {o the
second plate 117 of the first capacitor C1, and the first transistor T1 is along such first
semiconductor pillar. A second semiconductor pillar 141 extends downwardly from the digit
line BLC o the sescond plate 123 of the second capaciior C2, and the second transistor T2 is

along the second semiconducior pillar 141,

[0081] The first transistor T1 inciudes the gate dielectric material 133, and further
includes the first channel region within the semiconductor pillar 129 and along the gate
dielectric material 133, and source/drain regions 137 and 139 within the semiconductor
pillar and on opposing sides of the channel region. The source/drain region 137 is coupled
with the second plate 117 of first capacitor C1, and the source/drain region 138 is coupled
with the digit line BLT. The second transistor T2 includes the gate dielectric malerial 145,
and further includes the second channel region within the semiconductor pillar 141 and
along the gate dielectric material 145, and source/drain regions 149 and 151 within the
semiconductor pillar and on opposing sides of the channel region. The source/drain region
149 is coupled with the second plate 123 of second capacitor C2, and the source/drain

region 151 is coupled with the digit line BLC.
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[0082] In the illustrated embodiment the digit line BLT and BLC are in a common
horizontal plane as one another. An axis 159 extending through the digit lines BLT and BLC
may be considered to define a mirror plane. The memory cell 105(1) may be considered to
be a substantially mirror image of the memory cell 105(0) across the mirror plane. The term
“substantially mirror image” is utilized to indicate that the memory cell 105(1) may be a mirror
image of the memory cell 105(0) to within reasonable tolerances of fabrication and

measurement.

[0083] FIG. 5A is a schematic diagram of an example circuit 500 that includes four
memory cells 105(0)-105(3) according to an embodiment of the disclosure. FIG. 5B shows a
portion of a memory array 10 including the example circuit 500 of FIG. 5A according to an
embodiment of the disclosure. The example circuit 500 of FIG. 5A and FIG. 5B includes two
of the example circuits 400 of FIG. 4A and FIG. 4B arranged in a stacked configuration. A
dashed line demarcates an approximate boundary of the memory cell 105. Each of the
memory cells 105 includes two selection components T1 and T2 and two capacitors C1 and
C2. The capacitors C1 and C2 of the first and third memory cells 105(0) and 105(2) may be
ferroelectric capacitors. The capacitors C1 and C2 of the second and fourth memory cells
105(1) and 105(3) may be dielectric capacitors. The selection components T1 and T2 of
four memory cells 105(0)-105(3) may be transistors, for example, n-type field effect
transistors. In such an example, each of the memory cells 105 includes two transistors and
two capacitors (e.g., 2T2C). The memory cells 105(0) and 105(1) may operate as described
above in connection with FIG. 4A and FIG. 4B. Similarly, the memory cells 105(2) and
105(3) may operate as described above in connection with FIG. 4A and FIG. 4B. The
stacked configuration of the example circuit 500 may include an isolation layer 504 (shown in
FIG. 5B) that includes an insulator, dielectric, or other appropriate material that functions to
isolate memory cell 105(1) from memory cell 105(2).

[0084] FIG. 6A is a schematic diagram of an example circuit 600 that includes four
memory cells 105(0)-105(3) according to an embodiment of the disclosure. A dashed line
demarcates an approximate boundary of the memory cell 105. Each of the memory cells
105 includes two selection components T1 and T2 and two capacitors C1 and C2. The
capacitors C1 and C2 of the first and fourth memory cells 105(0) and 105(3) may be
ferroelectric capacitors. The capacitors C1 and C2 of the second and third memory cells
105(1) and 105(2) may be dielectric capacitors. The selection components T1 and T2 of
four memory cells 105(0)-105(3) may be transistors, for example, n-type field effect
transistors. In such an example, each of the memory cells 105 includes two transistors and
two capacitors (e.g., 2T2C).
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[0085] Operation of the selection components T1 and T2 is controlled by applying
voltages to the fransistor gates. A respective word line may activate the selection
components. WLNV(0) may activate the selection components T1 and T2 of memory celi
105(0). WLD(0) may activate the selection components T1 and T2 of memory cell 105(1).
WLD(1) may activate the selection components T1 and T2 of memory cell 105(2). WLNV(1)

may activate the selection components T1 and T2 of memory cell 1053},

[0088] The capacitor C1 has a first plate and a second plate. in the first memory cell
105(0), the first plate of capacitor C1 is coupled to the plate line CPNV({0). In the second
memory cell 105(1), the first plate of capacitor C1 is coupled 1o the plate line CPD. In the
third memaory cell 105(2), the first plate of capacitor C1 is coupled to the plate line CPD. In
the fourth memory cell 105(3), the first plate of capaciior C1 is coupled 1o the plate line
CPNV(1).

FO087] The capacitor ©2 has a first plate and a second plate. in the first memory cell
105(0), the first plate of capacitor C2 is coupled to the plate line CPNV{0). In the second
memory cell 1051}, the first plate of capacitor G2 is coupled 1o the plate line CPD. Inthe
third memory cell 105(2), the first plate of capaciior C2 is coupled to the plate line CPD. In
the fourth memory celf 105(3), the first plate of capacitor C2 is coupled {o the plate line
CPNV(1).

[0088] in the first through fourth memory celis 105(0)-105(3), the second plate of the
capacitor C1 is coupled to the selection component T1 and the second plate of the capaciior
(2 is coupled to the selection component T2, In the first and second memaory celis 105(0)
and 105(1), the selection component T1 is further coupled to an upper digit line BLT and the
selection component T2 is further coupled to an upper digit line BLC. In the third and fourih
memory cells 105(2) and 105(3), the selection component T1 is further coupled to a lower

digit line BLT and the selection component T2 is further coupled {o lower digit line BLC.

[008%] Vwhen activated, such as by respeactive word lines {e.g. WLNV{(} for the memory
cell 105(0), WLD(O) for the memory cell 10501}, WLNV(1) for the memory cell 105(2), and
WILD(1) for the memory cell 105(3)), the second plate of the capacitor C1 and the second
plate of the capacitor C2 are coupled {o the digit lines BLT and BLC, respectively. As
previously discussed, when coupled to the digit lines BLT and BLC, the memory cells 105
may be accessed. For example, a stored state of the memeory cells 105 may be read and/or
the memory celis 105 may be written to store g new state or the same state. Various
voltages, for example, complementary voltages in some embaodiments, may be applied {o
the plates of the capacitor C1 and C2 over the digit lines BLT and BLC and the plate ine CP

10 access {e.g., read and/or write) the memaory celis 105, In some embodiments, the plaie
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line CPD is tied to a constani voltage, while the plate line CPNV is coupled to a voltage
driver that drives the plate lines CPNV with different voliages. The plate line CPNV may be

driven with different voliages during different phases of an NVRAM write operation.

{0030] FIG. 6B shows a portion of a memory array 10 including the exampile circuit 600
of FIG. 8A according to an embodiment of the disclosure. In the embodiment of FIG. 8B, the
memory cell 105(0) is vertically stacked over the memory cell 105(1), which is vertically
stacked over memory cell 105(2), which is vertically stacked over memory cell 105(3). A
dashed line demarcales an approximate boundary of the memory celis 105(0)-105(3). In
some embodiments, the memory cells 105 of FIG. 6A may be considered o comprise
memory cells within an 8F2 architecture, where F indicates a minimum features size of a

given technology.

(0091} The Hlustrated portion of memory array 10 may be supported by a base (not
showr} analogous to the base of FIG. 4B. The meamory cells 105(0) and 105{1) arein a
common column as one ancther within the memaory array. Upper digit lines BLT and BLC
are between the memory cells 105(0) and 105(1), and extend in and out of the page relative
10 the cross-section of FIG. 6B. Similarly, lower digit lines BLT and BLC are between the
memory cells 105(2) and 105(3), and extend in and out of the page relative to the cross-
section of FiG. 8B. The digit lines BLT and BLC may be coupled with a sense component
25 of the type previsusly described with reference to FIGS. 1, 2A and 2B. The upper digit
lines BLT and BL.C are shared by the memory celis 105(0) and 105(1). The lower digit lines
BLT and BLC are shared by the memory celis 105(2) and 105(3).

[0032] The first and fourth memory celis 105(0) and 105(3) each comprise first and
second transistors T1 and T2, which are laterally displaced relative to one another. The first
memory cell 105(0) comprises the first capacitor C1 above the first transistor T1, and
comprises the second capacitor C2 above the second transistor T2. The fourth memory cell
105(3) comprises the first capacitor C1 below the first transistor T1, and comprises the
second capacitor C2 below the second transistor T2, In the first and fourth memory cells
105(0) and 105(3), the first transistor T1 is vertically displaced relative 1o the first capacitor
C1 and the second transistor T2 is vertically displaced relative 1o the second capacitor C2.
The first capacitor C1 comprises a first plate 114, a second plate 118, and ferroelectric
material 118 between the first and second plates 114 and 116. The second capacitor G2
comprises a first plate 120, a second plate 122, and ferroelectric material 124 between the

first and second plates 120 and 122.

[0093] in the shown embodiment the second plates 116 and 122 are container-shaped

outer plates, and the first plates 114 and 120 are inner plates which extend inio the
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container-shaped outer plates. In other embodiments the second plates 116 and 122 may
have other configurations, and the first plates 114 and 120 may also have other

configurations.

[0094] In the first memory cell 105(0), the first plates 114 and 120 are coupled with a
plate line structure CPNV(0) provided above the first and second capacitors C1 and C2 of
the memory cell 105(0). In the fourth memory cell 105(3), the first plates 114 and 120 are
coupled with a plate line structure CPNV(1) provided below the first and second capacitors
C1 and C2 of the memory cell 105(3). In the illustrated embodiment the first plates 114 and
120 share a common composition with the plate line structures CPNV(0) and CPNV(1). In
other embodiments, the plate line structures CPNV(0) and CPNV(1) may comprise a
different composition as compared to the first plates 114 and 120.

[0095] The first and second capacitors C1 and C2 are laterally displaced relative to one
another, and in the shown embodiment are in a same horizontal plane as one another (i.e.,
are horizontally aligned with one another). The first transistor T1 is between the first
capacitor C1 and the digit line BLT, and the second transistor T2 is between the second
capacitor C2 and the digit line BLC. In the shown embodiment the first and second
transistors T1 and T2 are in a common horizontal plane as one another. In the first memory
cell 105(0), the word line WLNV(0) extends along such horizontal plane and comprises the
gates 130 and 142 of the first and second transistors T1 and T2. In the fourth memory cell
105(3), the word line WLNV(1) extends along such horizontal plane and comprises the gates
130 and 142 of the first and second transistors T1 and T2.

[0096] In the first memory cell 105(0), a first semiconductor pillar 128 extends upwardly
from the digit line BLT to the second plate 116 of the first capacitor C1, and the first
transistor T1 is along such first semiconductor pillar. A second semiconductor pillar 140
extends upwardly from the digit line BLC to the second plate 122 of the second capacitor C2,
and the second transistor T2 is along the second semiconductor pillar 140. In the fourth
memory cell 105(3), a first semiconductor pillar 128 extends downwardly from the digit line
BLT to the second plate 116 of the first capacitor C1, and the first transistor T1 is along such
first semiconductor pillar. A second semiconductor pillar 140 extends downwardly from the
digit line BLC to the second plate 122 of the second capacitor C2, and the second transistor
T2 is along the second semiconductor pillar 140.

[0097] In the first and fourth memory cells 105(0) and 105(3), the first transistor T1
includes the gate dielectric material 132, and further includes the first channel region within
the semiconductor pillar 128 and along the gate dielectric material 132, and source/drain
regions 136 and 138 within the semiconductor pillar and on opposing sides of the channel
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region. The source/drain region 136 is coupled with the second plate 116 of first capacitor
C1, and the source/drain region 138 is coupled with the digit line BLT. The second transistor
T2 includes the gate dielectric material 144, and further includes the second channel region
within the semiconductor pillar 140 and along the gate dielectric material 144, and
source/drain regions 148 and 150 within the semiconductor pillar and on opposing sides of
the channel region. The source/drain region 148 is coupled with the second plate 122 of
second capacitor C2, and the source/drain region 150 is coupled with the digit line BLC.

[0098] The second and third memory cells 105(1) and 105(2) each comprise first and
second transistors T1 and T2 which are laterally displaced relative to one another. The
second memory cell 105(1) comprises the first capacitor C1 below the first transistor T1, and
comprises the second capacitor C2 below the second transistor T2. The third memory cell
105(2) comprises the first capacitor C1 above the first transistor T1, and comprises the
second capacitor C2 above the second transistor T2. In the second and third memory cells
105(1) and 105(2), the first transistor T1 is vertically displaced relative to the first capacitor
C1 and the second transistor T2 is vertically displaced relative to the second capacitor C2.
The first capacitor C1 comprises a first plate 115, a second plate 117, and dielectric material
119 between the first and second plates 115 and 117. The second capacitor C2 comprises
a first plate 121, a second plate 123, and dielectric material 125 between the first and
second plates 121 and 123.

[0099] In the shown embodiment the second plates 117 and 123 are container-shaped
outer plates, and the first plates 115 and 121 are inner plates which extend into the
container-shaped outer plates. In other embodiments the second plates 117 and 123 may
have other configurations, and the first plates 115 and 121 may also have other
configurations. In one example, the first plates 115 and 121 (coupled to the plate line CPD)
may be container-shaped and the second plates 117 (coupled to the pillar 129 including the
source/drain region 137) and 123 (coupled to the pillar 141 including the source/drain region
149) may be inner plates, which extend into the container-shaped outer plates.

[00100] Inthe second memory cell 105(1), the first plates 115 and 121 are coupled with a
plate line structure CPD provided below the first and second capacitors C1 and C2 of the
memory cell 105(1). In the third memory cell 105(2), the first plates 115 and 121 are
coupled with a plate line structure CPD provided above the first and second capacitors C1
and C2 of the memory cell 105(2). In the illustrated embodiment the first plates 115 and 121
share a common composition with the plate line structure CPD. In other embodiments the
plate line structure CPD may comprise a different composition as compared to the first
plates 115 and 121.
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[00101] The first and second capaciiors C1 and C2 are laterally displaced relative 10 one
another, and in the shown embuodiment are in a same horizontal plane as one another (i.e.,
are horizontally aligned with one ancther). The first transistor T1 is between the first
capacitor C1 and the digit line BLT, and the second transistor T2 is between the second
capacitor C2 and the digitline BLC. In the shown embodiment the first and second
transistors T1 and T2 are in a common horizontal plane as one another. In the second
memory cell 165(1), the word line YWLD(0) extends along such horizontal plane and
comprises the gates 131 and 143 of the first and second transistors T1 and T2, In the third
memory cell 105(2), the word ling WLD{1) extends along such horizontal plane and

comprises the gates 131 and 143 of the first and second transisiors Tt and T2,

[00182]  In the second memory cell 105(1), a first semiconductor pillar 129 exdends
downwardly from the digit ine BLT {o the second plate 117 of the first capacitor C1, and the
first transisior T1 is along such first semiconductor pillar. A second semiconductor pillar 141
exiends downwardly from the digit line BLC to the second plate 123 of the second capacitor
2, and the second transisior T2 is along the second semiconductor pillar 141, In the third
memory cell 105(2), a first semiconductor pillar 128 extends upwardly from the digit line BLT
{0 the second plate 117 of the first capacitior C1, and the first transistor T1 is along such first
semiconductor pillar. A second semiconductor pillar 141 extends upwardly from the digit line
BLC to the second plate 123 of the second capacitor C2, and the second fransistor T2 is

along the second semiconductor pillar 141,

[00103]  In the second and third memory celis 105(1) and 105(2), the first transistor T1
includes the gate dielectric material 133, and further includes the first channel region within
the semiconductor pillar 129 and along the gate dielectric material 133, and source/drain
regions 137 and 139 within the semiconductor pillar and on opposing sides of the channel
region. The source/drain region 137 is coupled with the second plate 117 of first capacitor
C1, and the source/drain region 138 is coupled with the digit line BLT. The second transistor
T2 includes the gate dielectric material 145, and further includes the second channel region
within the semiconductor pillar 141 and along the gate dielectric material 145, and
source/drain regions 1498 and 151 within the semiconductor pillar and on opposing sides of
the channel region. The source/drain region 149 is coupled with the second plate 123 of

second capacitor C2, and the source/drain region 151 is coupled with the digit line BLC.

f00104] In the illusirated embodiment the digit ine BLT and BLC are in a common
horizontal plane as one another. An axis 158 exdending through the digit lines BLT and BLC
may be considered o define a mirror plane. The memory cell 105(1) may be considered to
be a substantially mirror image of the memory cell 105(0) across the mirror plane. The term

“substantially mirror image” is ulilized 1o indicate that the memory cell 105(1) may be a mirror
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image of the memory cell 105(0) to within reasonabile tolerances of fabrication and
measurement. The present disclosure includes descriptions and illustrations of memories
that include certain configurations and arrangements of memory cells and memory cell
layers by way of example and not imitation. i should be appreciated that the various
DRAM/NVRAM cells and/or layers may be arranged differently or that a memory in
accordance with the present disclosure may have greater or fewer DRAM/NVRAM cells
and/or layers than the described examples. For example, meamory configuration in
accordance with the present disclosure may include memgories having a lower DRAM laver
and an upper NVRAM layer, memories having unequal numbers of DRAM and NVRAM

cells, memories having adjacent and/or non-adjacent DRAM and NVRAM cells, and so on.

[00188] FIG. 7A s a timing diagram that illustrates a memory operation that copies data
from a DRAM memory cell to an NVRAM memory cell in accordance with an embodiment of
the present disciosure. By way of example and not limitation, FIG. 7A iHustrates a memory
operation that reads and writes g logical “1” value. The memory operation of FIG. 7A may
occur it any of the varicus hybrid NVRAM/DRAM structures discussed herein, but is

illustrated in FIG. 7A with specific reference 1o a 2T2C configuration.

{00106] Initially, the row decoder 20 does not apply a signal on either the WLD or the
WLNV lines. Thus, both the WLD and WLNV signal lines are de-asseried with voltages at a
iow level. The C1 and C2 capaciiors of the DRAM memory cell store charges that represent
complementary logical values. With the WLD signal line de-asserted, the C1 and C2
capacitors are disconnected from the bit lines BLT and BLC such that the stored charges
remain stored in the DRAM memory cell. In this siate, the voliage of the bit lines BLT and
BLC are gt an intermediate voltage that may be established on the bit lines through a pre-
charge operation. In the initial state, the CPNV signal line is de-asserted and thus at a low

voltage.

001071  Altime point A, the row decoder 20 asserts the WLD signal line by driving this
signal line to a high voltage. The asserted WLD signal line provides a high volfage to the
gates of the T1 and T2 transistors of the DRAM memory cell. This gate voltage turns on the
T1 and T2 transistors thus coupling the C1 and C2 capacitors 1o the bit lines BLT and BLC.
Here, the charges stored in the C1 and C2 capaciiors are transferred out of the DRAM
memory cell and onto the bitlines BLT and BLC. In the example of FIG. 7A, the DRAM
memory cell stores a logical “17. Thus, when the C1 and C2 capacitors are coupled to the bit
lines BLT and BLC through the T1 and T2 transistors, the BLT voliage rises by a small

amount and the BLC voltage falls by a small amount.
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[00108] Attime point B, the sense ampilifier 25 is triggered by the difference belween the
voltages on the bit lines BLT and BLC. Through the operation of the sense amplifier 25, the
small voltage difference between the bit lines BLT and BLC is amplified. Here, the voltage
on the bit line BLT, which at first rose by a small amount, is driven by the sense amplifier 25
{0 a high voltage. Inthe example of FIG. 7A, the sense amplifier 25 drives the BLT signal
line to VCC. Additionally, the voltage on the bit line BLC, which at first fell by a small
amount, is driven by the sense amplifier 25 t0 a low voltage. In the example of FIG. 7A, the
sense amplifier 25 drives the BLC signal line to ground. The sense ampilifier 25 driving the
bit lines BLT and BLC {0 a high and low voltage respeciively restores the logical value read
from the DRAM cell back to the DRAM cell.

[00189%] The sense amplifier 25 driving the bit ines BLT and BLC may also provide the
logical value read from the DRAM memory cell to another location. In the example of FIG.
7A, the logical value read from the DRAM memaory cell is provided {0 a corresponding
NVRAM memory cell. Thus, at time point C, the CPNV signal line is driven to a high voltage
in preparation for the logic value present on the bit lines BLT and BLC lines {o be stored in a
corresponding NVRAM memory cell. in the example of FIG. 74, the CPNV signal is driven
1o VCC. With the CPNV signal line driven {0 a high voltage, a high voltage is provided to C1
and C2 capacitors of the NVRAM memory cell. More specifically, the high voltage is
provided to the first plate 114 of the C1 capacitor and to the first plate 120 of the C2

capacitor.

[00140] Attime poini D, the row decoder 20 asserts the WLNV signal line by driving this
signal line to a high voltage. The asserted WLNV signal line provides a high voltage 1o the
gates of the T1 and T2 transistors of the NVRAM memory cell. This gate vollage turns on
the T1 and T2 transistors thus coupling the C1 and C2Z capacitors to the bit fines BLT and
BLC. Here, the BLT signal line remains at a high voltage and the BLC signalremains at a
low voliage via the operation of the sense amplifier 25, With the voltage of the CPNV line at
a high level, a voltage differential exisis between the CPNV line and the bit line BLC.
Through this voltage differential and through the operation of the T2 transistor, the
polarization of the ferroelectric material 124 between the first and second plates 120 and 122
is driven 1o a low level. In this way, the logical *” value represenied by the low voltage on
the bit line BLC is stored in the C2 capacitor of the NVRAM memaory cell. With the voliage of
the CPNV line at a high level, no voitage differential exits beiween the CPNV line and the bit
line BLT. Thus, no charge is transferred from the bit line BLT to the C1 capacitor at this
time. Rather, the current iogical state of the C1 capacitor remains stored until the CPNV line

toggles.
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[00111] Attime point E, the CPNV signal line is driven to a low voltage. In the example of
FiG. 7A, the CPNV signal is driven to ground. Additionally, the row decoder 20 continues to
assert the WLNV signal line by driving this signal line to a high voltage. With the CPNV
signal line driven low and the WLNV signali driven high, the low voliage of the CPNV signal is
provided 1o the C1 and C2 capacitors of the NVRAM memory cell. More specifically, the low
voltage is provided to the first plate 114 of the C1 capaciior and to the first plate 120 of the
C2 capacitor. The asserted WLNV signal line continues 1o provide a high voltage 1o the
gates of the T1 and T2 transisiors of the NVRAM memory cell. As mentioned, this gale
voltage turns on the T1 and T2 transistors thus coupling the C1 and C2 capacitors o the bit
lines BLT and BLC. The BLT signal line remains at a high voltage and the BLC signal
remains at a low vollage via the operation of the sense ampiifier 25. With the voltage of the
CPNV line at a low level, a voltage differential exisis between the CPNV line and the bit line
BLT. Through this voltage differential and through the cperation of the T1 transistor, the
polarization of the ferroelectric material 118 between the first and second piates 114 and 116
is driven 10 a high level. With the voltage of the CPNV line at a low level, no voltage
differential exits between the CPNV line and the bit line BLC. Here, the logic state

previously transferred to the C2 capacitor remains stored.

[00142] Attime poini F, the row decoder de-asserts the WLD and WLNV signals by
driving these signals to a low voliage. The de-gsserted WLD signal line provides a low
voltage o the gates of the T1 and T2 transistors of the DRAM memory cell. This gate
voltage turns off the T1 and T2 transistors thus decoupling the C1 and C2 capacitors of the
DRAM cell from the bil lines BLT and BLC. Here, the charges restored tothe C1 and C2
capacitors of the DRAM memory cell through the operation of the sense ampiifier 25 remain
stored in the DRAM memory cell. The de-asserted YWLNV signal line provides a low voltage
10 the gates of the T1 and T2 transistors of the NVRAM memory cell. This gate voltage turmns
off the T1 and T2 transistors thus decoupling the C1 and C2 capacitors of the NVRAM cell
from the bit lings BLT and BLC. Here, the charges stored o the C1 and C2 capacitors to the
NVRAM memory cell through the operation of the sense ampilifier 25 remain stored in the
NVRAM memary cell. With the bit lines BLT and BLC de-coupled from the DRAM and
NVRAM celis, these signal lines return to their initial states. In the event that the next
memory operation is a DRAM access, the bit lines BLT and BLC may be pre-charged o an

intermediate voitage.

[00113] FIG. 7B is a timing diagram that illusirates a memory operation thai copies data
from a DRAM memory cell to an NVRAM memuory cell in accordance with an embodiment of
the present disclosure. The memory operation of FIG. 7B may occur in any of the various
hyvbrid NVRAM/DRAM structures discussed herein, but is llustrated in FIG. 7B with specific
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reference to a 2T2C configuration. The memory operation of FIG. 7B is similar to the
memory operation of FIG. 7A; however, in FIG. 7B the memory operation reads and writes a
logical “0” value. Thus, initially, the row decoder does not apply a signal on either the WLD
or the WLNYV lines and the state of the circuit is as described above in connection with FIG.
7A. At time point A, the row decoder 20 provides a high voltage to the WLD so as to transfer
the charges stored in the C1 and C2 capacitors onto the bit lines BLT and BLC. Here, the
BLC voltage rises by a small amount and the BLT voltage falls by a small amount due to
DRAM memory cell storing a logical “0”. At time point B, the sense amplifier 25 is triggered
and the voltage on the bit line BLC is driven to a high voltage and the voltage on the bit line
BLT is driven to a low voltage thus restoring the logical value read from the DRAM cell back
to the DRAM cell. At time point C, the CPNV signal line is driven to a high voltage in
preparation for the logic value present on the bit lines BLT and BLC lines to be stored in a
corresponding NVRAM memory cell. At time point D, the row decoder 20 drives the WLNV
signal line to a high voltage to store the logical “0” value represented by the low voltage on
the bit line BLT in the C1 capacitor of the NVRAM memory cell. At time point E, the CPNV
signal line is driven to a low voltage so as to store the logical “1” value represented by the
high voltage on the bit line BLC in the C2 capacitor of the NVRAM memory cell. At time
point F, the row decoder de-asserts the WLD and WLNV so as to decouple the bit lines BLT
and BLC from the DRAM and NVRAM memory cells as described above in connection with
FIG. 7A.

[00114] FIG. 8A is a timing diagram that illustrates a memory operation that copies data
from an NVRAM memory cell to a DRAM memory cell in accordance with an embodiment of
the present disclosure. By way of example and not limitation, FIG. 8A illustrates a memory
operation that reads and writes a logical “0” value. The memory operation of FIG. 8A may
occur in any of the various hybrid NVRAM/DRAM structures discussed herein, but is
illustrated in FIG. 8A with specific reference to a 2T2C configuration.

[00115] Initially, the row decoder 20 does not apply a signal on either the WLD or the
WLNYV lines. Thus, both the WLD and WLNV signal lines are de-asserted with voltages at a
low level. The C1 and C2 capacitors of the DRAM memory cell store charges that represent
complementary logical values. With the WLNV signal line de-asserted, the C1 and C2
capacitors of the NVRAM memory cell are disconnected from the bit lines BLT and BLC
such that the charges stored by the C1 and C2 capacitors remain stored in the NVRAM
memory cell. In the event of an NVRAM read operation, no pre-charging of the bit lines BLT
and BLC occurs. Thus, these signals remain at a low voltage. In the initial state, the CPNV
signal line is de-asserted and thus at a low voltage.
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[00116] At time point A, the CPNV signal line is driven to a high voltage in preparation for
the logic value stored in C1 and C2 capacitors to be read out of the NVRAM memory cell. In
the example of FIG. 8A, the CPNV signal is driven to VCC. With the CPNV signal line driven
to a high voltage, the high voltage is provided to the C1 and C2 capacitors of the NVRAM
memory cell. More specifically, the high voltage is provided to the first plate 114 of the C1
capacitor and to the first plate 120 of the C2 capacitor.

[00117] At time point B, the row decoder 20 asserts the WLNV signal line by driving this
signal line to a high voltage. The asserted WLNV signal line provides a high voltage to the
gates of the T1 and T2 transistors of the NVRAM memory cell. This gate voltage turns on
the T1 and T2 transistors thus coupling the C1 and C2 capacitors to the bit lines BLT and
BLC. Here, the charges stored in the C1 and C2 capacitors are transferred out of the
NVRAM memory cell and onto the bit lines BLT and BLC. In the example of FIG. 8A, the
DRAM memory cell stores a logical “0”. Thus, when the C1 and C2 capacitors are coupled
to the bit lines BLT and BLC through the T1 and T2 transistors, the BLT voltage rises above
ground by a small amount and the BLC voltage rises above ground by a larger amount as
compared to the voltage rise on the BLT line.

[00118] At time point C, the sense amplifier 25 is triggered by the difference between the
voltages on the bit lines BLT and BLC. Through the operation of the sense amplifier 25, the
small voltage difference on the bit line BLT and BLC is amplified. Here, the voltage on the
bit line BLC, which at first rose by a larger amount than that of the bit line BLT, is driven by
the sense amplifier 25 to a high voltage. In the example of FIG. 8A, the sense amplifier 25
drives the BLC signal line to VCC. Additionally, the voltage on the bit line BLT, which at first
fell by a small amount, is driven by the sense amplifier 25 to a low voltage. In the example
of FIG. 8A, the sense amplifier 25 drives the BLT signal line to ground. Following time point
C, the BLC signal line remains at a high voltage and the BLT signal remains at a low voltage
through the operation of the sense amplifier 25.

[00119] The sense amplifier 25 driving the bit lines BLC and BLT to a high and low
voltage respectively restores the logical value read from the NVRAM cell back to the
NVRAM cell. With the voltage of the CPNV line at a high level, a voltage differential exists
between the CPNV line and the bit line BLT. Through this voltage differential and the
operation of the T1 transistor, the polarization of the ferroelectric material 118 between the
first and second plates 114 and 116 is driven to a low level. In this way, the logical “0” value
represented by the low voltage on the bit line BLT is restored to the C1 capacitor of the
NVRAM memory cell. With the voltage of the CPNV line at a high level, no voltage
differential exits between the CPNV line and the bit line BLC. Thus, no charge is restored to
the C2 capacitor at this time.
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[00120] At time point D, the CPNV signal line is driven to a low voltage. In the example of
FIG. 8A, the CPNV signal is driven to ground. The row decoder 20 continues to assert the
WLNYV signal line by driving this signal line to a high voltage. With the CPNV signal line
driven low and the WLNV signal driven high, the low voltage of the CPNV signal is provided
to the C1 and C2 capacitors of the NVRAM memory cell. More specifically, the low voltage
is provided to the first plate 114 of the C1 capacitor and to the first plate 120 of the C2
capacitor. The asserted WLNV signal line continues to provide a high voltage to the gates of
the T1 and T2 transistors of the NVRAM memory cell. As mentioned, this gate voltage turns
on the T1 and T2 transistors thus coupling the C1 and C2 capacitors to the bit lines BLT and
BLC. The BLC signal line remains at a high voltage and the BLT signal remains at a low
voltage through the operation of the sense amplifier 25. With the voltage of the CPNV line at
a low level, a voltage differential exists between the CPNV line and the bit line BLC.

Through this voltage differential and the operation of the T2 transistor, the polarization of the
ferroelectric material 124 between the first and second plates 120 and 122 is driven to a high
level. In this way, the logical “1” value represented by the high voltage on the bit line BLC is
restored in the C2 capacitor of the NVRAM memory cell. With the voltage of the CPNV line
at a low level, no voltage differential exits between the CPNV line and the bit line BLT. Here,
the logic state previously restored to the C1 capacitor remains stored.

[00121] The sense amplifier 25 driving the bit lines BLT and BLC also provides the logical
value read from the NVRAM memory cell to another location. In the example of FIG. 8A, the
logical value read from the NVRAM memory cell is provided to a corresponding DRAM
memory cell. Thus, at time point E, the row decoder 20 asserts the WLD signal line by
driving this signal line to a high voltage. The asserted WLD signal line provides a high
voltage to the gates of the T1 and T2 transistors of the DRAM memory cell. This gate
voltage turns on the T1 and T2 transistors of the DRAM memory cell thus coupling the C1
and C2 capacitors to the bit lines BLT and BLC.

[00122] At time point F, the row decoder de-asserts the WLD and WLNV signals by
driving these signals to a low voltage. The de-asserted WLNV signal line provides a low
voltage to the gates of the T1 and T2 transistors of the NVRAM memory cell. This gate
voltage turns off the T1 and T2 transistors thus decoupling the C1 and C2 capacitors of the
NVRAM cell from the bit lines BLT and BLC. Here, the charges restored to the C1 and C2
capacitors through the operation of the sense amplifier 25 remain stored in the NVRAM
memory cell. The de-asserted WLD signal line provides a low voltage to the gates of the T1
and T2 transistors of the DRAM memory cell. This gate voltage turns off the T1 and T2
transistors thus decoupling the C1 and C2 capacitors of the DRAM cell from the bit lines BLT
and BLC. Here, the charges stored to the C1 and C2 capacitors through the operation of the
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sense amplifier 25 remain stored in the DRAM memory cell. With the bit lines BLT and BLC
de-coupled from the DRAM and NVRAM cells, these signal lines return to a low voltage.

[00123] FIG. 8B is a timing diagram that illustrates a memory operation that copies data
from an NVRAM memory cell to a DRAM memory cell in accordance with an embodiment of
the present disclosure. The memory operation of FIG. 8B may occur in any of the various
hybrid NVRAM/DRAM structures discussed herein, but is illustrated in FIG. 8B with specific
reference to a 2T2C configuration. By way of example and not limitation, FIG. 8B illustrates
a memory operation that reads and writes a logical “1” value. The memory operation of FIG.
8B is similar to the memory operation of FIG. 8A; however, in FIG. 8B the memory operation
reads and writes a logical “1” value. Thus, initially, the row decoder does not apply a signal
on either the WLD or the WLNV lines and the state of the circuit is as described above in
connection with FIG. 8A. At time point A, the CPNV signal line is driven to a high voltage in
preparation for the logic value stored in the C1 and C2 capacitors to be read out of the
NVRAM memory cell. At time point B, the row decoder 20 provides a high voltage to the
WLNYV so as to transfer the charges stored in the C1 and C2 capacitors onto the bit lines
BLT and BLC. Here, the BLC voltage rises above ground by a small amount and the BLT
voltage rises above ground by a larger amount as compared to the voltage rise on the BLC
line. Attime point C, the sense amplifier 25 is triggered and the voltage on the bit line BLT is
driven to a high voltage and the voltage on the bit line BLC is driven to a low voltage. With
the CPNV line at a high voltage, the logical “0” represented by the low voltage on the BLC
line is restored to the C2 capacitor of the NVRAM memory cell. At time point D, the CPNV
signal line is driven to a low voltage and the logical “1” represented by the high voltage on
the BLT line is restored to the C1 capacitor of the NVRAM memory cell. At time point E, the
row decoder 20 drives the WLD to a high voltage so as to store the logical value read from
the NVRAM cell in the DRAM cell.

[00124] FIG. 9A is a schematic diagram of an example circuit 900 that includes two
memory cells 105(0) and 105(1) according to an embodiment of the disclosure. A dashed
line demarcates an approximate boundary of the memory cell 105. Each of the memory
cells 105 includes one selection components T1 and one capacitor C1. The capacitor C1 of
the first memory cell 105(0) may be a ferroelectric capacitor. The capacitor C1 of the
second memory cell 105(1) may be a dielectric capacitor. The selection components T1 of
the two memory cells 105(0) and 105(1) may be transistors, for example, n-type field effect
transistors. In such an example, each of the memory cells 105 includes one transistor and
one capacitor (e.g., 1T1C).

[00125] Operation of the selection components T1 is controlled by applying voltages to
the transistor gates. A respective word line may activate the selection components.
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WLNV(D) may activate the selection component T1 of memory cell 105(0). WLD{0) may
activate the selection component T1 of memory cell 105(1). The capacitor C1 has a first
plate and a second plate. In the first memory cell 105(0), the first plate of capacitor C1 is
coupled {0 the plate line CPNV(D). In the second memory cell 105(1), the first plate of
capacitor C1is coupled to the plate line CPD. Inthe first and second memory celis 105(0)
and 105(1), the second plaie of the capacitor C1 is coupled to the selection component T1.
The selection component T1 is further coupled to a digit line BLT. The digit ine BLC is

driven by a reference voltage.

001261 When activaled, such as by respective word lines (e.q. WLNV(0) for the memory
celt 105(0), and WLD(0) for the memory cell 105(1)), the second plate of the capacitor Cl is
coupled to the digit lines BLT. As previously discussed, when coupled to the digit line BLT,
the memaory celis 105 may be accessed. For example, a stored state of the memory celis
185 may be read and/or the memory celis 105 may be written to siore a new state or the
same state. Various voltages may be applied 1o the plate of the capaciior C1 over the digit
lines BLT and the plate line CP 10 access {e.g., read and/or wriie} the memory celis 105, In
some embodiments, the plate line CPD is tied to a constant voliage, while the plate line
CPNV is coupled to a voltage driver that drives the plate lines CPNV with different voliages.
The plate line CPNV may be driven with different voltages during different phases of an
NVRAM write operation.

[00127] FIG. 9B is a schematic diagram of an example circuit 904 that includes the two
memory cells 105(0) and 105(1), along with the coupling of these cell o a sense amplifier
25. Inthe 1T1C configuration, the memory celis 105(0) and 105(1) are coupled o the sense
amplifier though the bit line BLT. The bit line BLC is coupled to a reference voltage. In
some embodiments, the bit ling BLC is coupled to the sense amplifier through a multiplexer
908 or other switching device that enables coupling of different reference voliages 1o the bit
line BLC. Here, the multiplexer 808 may provide a first reference voltage for DRAM access

and a second reference voltage for NVRAM access.

[00128] FIG. 9C shows a portion of a memory array 10 including the example circuit 900
of FIG. 8A according to an embodiment of the disclosure. In the embodiment of FIG. 8C, the
memory cell 105(0) is vertically stacked over the memaory cell 105(1). A dashed line
demarcates an approximate boundary of the memaory celis 105(0) and 105(1). Insome
embodiments the memory celis 105 of FIG. 8A may be considered to comprise memory celis

within an 4F2 architeciure, where F indicales a minimum features size of a given technology.

f0012%] The Hlustrated portion of memory array 10 is supported by a base (not shown).

The base may comprise semiconductor material, and may, for example, comprise, consist



essentially of, or consist of monocrystalline silicon. The base may be referred to as a
semiconductor substrate. The term "semiconductor substrate” means any construction
comprising semiconductive material, including, but not limited to, bulk semiconductive
materials such as a semiconductive wafer (either alone or in assemblies comprising other
materials), and semiconductive material layers (either alone or in assemblies comprising
other materials). The term "substrate" refers to any supporting structure, including, but not
limited to, the semiconductor substrates described above. In some applications the base
may correspond to a semiconductor substrate containing one or more materials associated
with integrated circuit fabrication. Such materials may include, for example, one or more of

refractory metal materials, barrier materials, diffusion materials, insulator materials, etc.

[00130] The memory cells 105(0) and 105(1) are in a common column as one another
within the memory array. The digit line BLT is between the memory cells 105(0) and 105(1),
and extends in and out of the page relative to the cross-section of FIG. 9C. The digit line
BLT may be coupled with a sense component 25 of the type previously described with
reference to FIGS. 1, 2A and 2B. The digit line BLT is shared by the memory cells 105(0)
and 105(1).

[00131] The memory cell 105(0) comprises a first transistor T1. The memory cell 105(0)
comprises the first capacitor C1 above the first transistor T1. The first transistor T1 is
vertically displaced relative to the first capacitor C1. The first capacitor C1 comprises a first
plate 114, a second plate 116, and ferroelectric material 118 between the first and second
plates 114 and 116. In the shown embodiment the second plate 116 is a container-shaped
outer plate, and the first plate 114 is an inner plate which extends into the container-shaped
outer plate. In other embodiments the second plate 116 may have other configurations, and
the first plate 114 may also have other configurations.

[00132] The first plate 114 is coupled with a plate line structure CPNV(0) provided above
the first capacitor C1 of the memory cell 105(0). In the illustrated embodiment, the first plate
114 share a common composition with the plate line structure CPNV(0). In other
embodiments, the plate line structure CPNV(0) may comprise a different composition as
compared to the first plate 114.

[00133] The first transistor T1 is between the first capacitor C1 and the digit line BLT. In
the shown embodiment, the word line WLNV(0) extends along a horizontal plane and
comprises the gate 130 of the first transistors T1. A first semiconductor pillar 128 extends
upwardly from the digit line BLT to the second plate 116 of the first capacitor C1, and the first
transistor T1 is along such first semiconductor pillar.

33



[00134] The first transistor T1 includes the gate dielectric material 132, and further
includes the first channel region within the semiconductor pillar 128 and along the gate
dielectric material 132, and source/drain regions 136 and 138 within the semiconductor pillar
and on opposing sides of the channel region. The source/drain region 136 is coupled with
the second plate 116 of first capacitor C1, and the source/drain region 138 is coupled with
the digit line BLT.

[00135] The memory cell 105(1) comprises the first capacitor C1 below the first transistor
T1. The first transistor T1 is vertically displaced relative to the first capacitor C1. The first
capacitor C1 comprises a first plate 115, a second plate 117, and dielectric material 119
between the first and second plates 115 and 117.

[00136] Inthe shown embodiment, the second plate 117 is a container-shaped outer
plate, and the first plate 115 is an inner plate which extend into the container-shaped outer
plate. In other embodiments, the second plate 117 may have other configurations, and the
first plate 115 may also have other configurations. In one example, the first plates 115 and
121 (coupled to the plate line CPD) may be container-shaped and the second plates 117
(coupled to the pillar 129 including the source/drain region 137) and 123 (coupled to the
pillar 141 including the source/drain region 149) may be inner plates, which extend into the
container-shaped outer plates.

[00137] The first plate 115 is coupled with a plate line structure CPD provided below the
first capacitor C1 of the memory cell 105(1). In the illustrated embodiment, the first plate 115
share a common composition with the plate line structure CPD. In other embodiments, the
plate line structure CPD may comprise a different composition as compared to the first plate
115.

[00138] The first transistor T1 is between the first capacitor C1 and the digit line BLT. In
the shown embodiment, the word line WLD(0) extends along a horizontal plane and
comprises the gate 131 of the first transistors T1. A first semiconductor pillar 129 extends
downwardly from the digit line BLT to the second plate 117 of the first capacitor C1, and the
first transistor T1 is along such first semiconductor pillar.

[00139] The first transistor T1 includes the gate dielectric material 133, and further
includes the first channel region within the semiconductor pillar 129 and along the gate
dielectric material 133, and source/drain regions 137 and 139 within the semiconductor pillar
and on opposing sides of the channel region. The source/drain region 137 is coupled with
the second plate 117 of first capacitor C1, and the source/drain region 139 is coupled with
the digit line BLT.
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[00140] Inthe illustrated embodiment, an axis 159 extends through the digit line BLT and
may be considered {0 define a mirror plane. The memory cell 105(1) may be considered to
be a substantially mirror image of the memory celf 105(0) across the mirror plane. The term
“substantially mirror image” is ulilized 1o indicate that the memory cell 105(1) may be a mirror
image of the memory cell 1058(0) 1o within reasonabile {olerances of fabrication and

measurement.

001411 FIG. 10A1s a timing diagram that illustrates a memory operation that copies data
from a BRAM memory cell o an NVRAM memaory cell in accordance with an embodiment of
the present disclosure. By way of example and not limitation, FIG. 10A illustrates a memory
operation that reads and writes g logical 1" value. The memory operation of FIG. 10A may
occur in any of the varicus hybrid NVRAM/DRAM structures discussed herein, but is

Hustrated in FIG. 10A with specific reference to a 1T1C configuration.

[00142]  Initially, the row decoder 20 does not apply a signal on either the WLD or the
WLNV lines. Thus, both the WLD and WLNV signal lines are de-asseried with voltages at a
low level. The C1 capacitor of the DRAM memory cell stores a charge that representis a
logical value. With the WLD signal line de-asserted, the C1 capaciior is disconnecied from
the bit ine BLT such that the stored charge remains stored in the DRAM memory cell. In
this state, the vollage of the bit lines BLT and BLC are at an intermediate voltage that may
be established on the bit lines through a pre-charge operation. In the initial state, the CPNV

signal line is de-asseried and thus at a low voltage.

[00143] Attime point A, the row decoder 20 assens the WLD signal line by driving this
signal line to a high voltage. The asserted WLD signal line provides a high voltage to the
gate of the T1 transistor of the DRAM memory cell. This gate voltage turms on the T1
transistor thus coupling the C1 capacitor to the bit line BLT. Here, the charge siored in the
C1 capacitor is transferred out of the DRAM memory cell and onto the bit lines BLT. Inthe
example of FIG. 10A, the DRAM memory cell stores a logical *1". Thus, when the C1
capacitor is coupled to the bit line BLT through the T1 transistor, the BLT voltage rises by a

small amount and the BLC voltage remains at a reference vollage.

[00144] At time poini B, the sense ampilifier 25 is triggered by the difference between the
voltages on the bit lines BLT and BLC. Through the operation of the sense amplifier 25, the
small voltage difference between the bit lines BLT and BLC is amplified. Here, the vollage
on the bit line BLT, which at first rose by a small amount, is driven by the sense amplifier 25
{0 a high voliage. In the example of FIG. 104, the sense amplifier 25 drives the BLT signal
fine to VCC. Additionally, the voltage on the bit line BLC, which remained at a reference

voltage, is driven by the sense amplifier 25 to a low voltage. In the example of FIG. 10A, the
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sense amplifier 25 drives the BLC signal line to ground. The sense amplifier 25 driving the
bit lines BLT and BLC 1o a high and low voliage respectively restores the logical value read
from the DRAM cell back 1o the DRAM cell.

[00145] The sense amplifier 25 driving the bil lines BL.T and BLC may also provide the
ogical vaiue read from the DRAM memory cell to another focation. In the example of FIG.
104, the logical value read from the DRAM memory cell is provided to a corresponding
NVRAM memory cell. Thus, at time point C, the CPNV signal line is driven o a high voltage
in preparation for the logic value present on the bit line BLT {0 be stored in a corresponding
NVRAM memory cell. In the example of FIG. 10A, the CPNV signal is driven to VCC. With
the CPNV signal line driven to a high voltage, a high voltage is provided o the C1 capaciior
of the NVRAM memory cell. More specifically, the high voltage is provided {o the first plate
114 of the C1 capacitor.

[00146] At time point D, the row decoeder 20 asserts the WLNV signal line by driving this
signal ine 1o a high voltage. The asserted WLNV signal line provides a high voltage to the
gate of the T1 transistor of the NVRAM memory cell. This gate voltage turns on the T1
transistor thus coupling the C1 capaciior to the bit line BLT. Here, the BLT signal line
remains at a high voltage and the BLC signal remains at a low voltage via the operation of
the sense amplifier 25. With the voltage of the CPNV line at a high level, no voltage
differential exits between the CPNV line and the bit line BLT. Thus, no charge is transferred
from the bit line BLT {0 the C1 capaciior at this time. Rather, the current logical state of the

C1 capacilor remains stored until the CPNV line toggles.

[00147] Attime poini E, the CPNV signal line is driven o a low voltage. In the example of
FIG. 10A, the CPNV signal is driven to ground. Additionally, the row decoder 20 continues
{0 assert the WLNV signal line by driving this signal line to a high vollage. With the CPNV
signal line driven low and the WLNV signal driven high, the low voltage of the CPNV signal is
provided to the C1 capacitor of the NVRAM memuory cell. More specifically, the fow voliage
is provided to the first plate 114 of the C1 capacifor. The asserted WLNV signal line
continues to provide a high voltage to the gates of the T1 transistor of the NVRAM memory
cell. As mentioned, this gate voltage turns on the T1 transistor thus coupling the C1
capacitor to the bit Hine BLT. The BLT signal line remains at a high voltage and the BLC
signal remains at a low voltage via the operation of the sense amplifier 25. With the voliage
of the CPNV line at a low level, a voltage differential exists between the OPNV line and the
pit line BLT. Through this voliage differential and through the operation of the T1 transistor,
the polarization of the ferroelectric material 118 between the first and second plates 114 and

116 is driven to a high level.



[00148] At time point F, the row decoder de-asserts the WLD and WLNV signals by
driving these signals to a low voltage. The de-asserted WLD signal line provides a low
voltage to the gates of the T1 transistor of the DRAM memory cell. This gate voltage turns
off the T1 transistor thus decoupling the C1 capacitor of the DRAM cell from the bit line BLT.
Here, the charge restored to the C1 capacitor of the DRAM memory cell through the
operation of the sense amplifier 25 remains stored in the DRAM memory cell. The de-
asserted WLNV signal line provides a low voltage to the gate of the T1 transistor of the
NVRAM memory cell. This gate voltage turns off the T1 transistor thus decoupling the C1
capacitor of the NVRAM cell from the bit line BLT. Here, the charge stored to the C1
capacitor to the NVRAM memory cell through the operation of the sense amplifier 25
remains stored in the NVRAM memory cell. With the bit line BLT de-coupled from the
DRAM and NVRAM cells, these signal lines return to their initial states. In the event that the
next memory operation is a DRAM access, the bit lines BLT and BLC may be pre-charged to

an intermediate voltage.

[00149] FIG. 10B is a timing diagram that illustrates a memory operation that copies data
from a DRAM memory cell to an NVRAM memory cell in accordance with an embodiment of
the present disclosure. The memory operation of FIG. 10B may occur in any of the various
hybrid NVRAM/DRAM structures discussed herein, but is illustrated in FIG. 10B with specific
reference to a 1T1C configuration. The memory operation of FIG. 10B is similar to the
memory operation of FIG. 10A; however, in FIG. 10B the memory operation reads and writes
a logical “0” value. Thus, initially, the row decoder does not apply a signal on either the WLD
or the WLNYV lines and the state of the circuit is as described above in connection with FIG.
10A. At time point A, the row decoder 20 provides a high voltage to the WLD so as to
transfer the charges stored in the C1 capacitor onto the bit line BLT. Here, the BLC voltage
remains at a reference voltage and the BLT voltage falls by a small amount due to DRAM
memory cell storing a logical “0”. At time point B, the sense amplifier 25 is triggered and the
voltage on the bit line BLC is driven to a high voltage and the voltage on the bit line BLT is
driven to a low voltage thus restoring the logical value read from the DRAM cell back to the
DRAM cell. At time point C, the CPNV signal line is driven to a high voltage in preparation
for the logic value present on the bit line BLT line to be stored in a corresponding NVRAM
memory cell. At time point D, the row decoder 20 drives the WLNV signal line to a high
voltage to store the logical “0” value represented by the low voltage on the bit line BLT in the
C1 capacitor of the NVRAM memory cell. At time point E, the CPNV signal line is driven to a
low voltage. At time point F, the row decoder de-asserts the WLD and WLNV so as to
decouple the bit line BLT from the DRAM and NVRAM memory cells as described above in
connection with FIG. 10A.
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[00150] FIG. 11Ais atiming diagram that illustrates a memory operation that copies data
from an NVRAM memory cell to a DRAM memory cell in accordance with an embodiment of
the present disclosure. By way of example and not limitation, FIG. 11A illustrates a memory
operation that reads and writes a logical “0” value. The memory operation of FIG. 11A may
occur in any of the various hybrid NVRAM/DRAM structures discussed herein, but is
illustrated in FIG. 11A with specific reference to a 1T1C configuration.

[00151] Initially, the row decoder 20 does not apply a signal on either the WLD or the
WLNYV lines. Thus, both the WLD and WLNV signal lines are de-asserted with voltages at a
low level. The C1 capacitor of the DRAM memory cell stores a charge that represents a
logical value. With the WLNV signal line de-asserted, the C1 capacitor of the NVRAM
memory cell is disconnected from the bit line BLT such that the charge stored by the C1
capacitor remains stored in the NVRAM memory cell. In the event of an NVRAM read
operation, no pre-charging of the bit lines BLT and BLC occurs. Thus, these signals remain
at a low voltage. In the initial state, the CPNV signal line is de-asserted and thus at a low

voltage.

[00152] At time point A, the CPNV signal line is driven to a high voltage in preparation for
the logic value stored in the C1 capacitor to be read out of the NVRAM memory cell. In the
example of FIG. 11A, the CPNV signal is driven to VCC. With the CPNV signal line driven to
a high voltage, the high voltage is provided to the C1 capacitor of the NVRAM memory cell.
More specifically, the high voltage is provided to the first plate 114 of the C1 capacitor.

[00153] At time point B, the row decoder 20 asserts the WLNV signal line by driving this
signal line to a high voltage. The asserted WLNV signal line provides a high voltage to the
gate of the T1 transistor of the NVRAM memory cell. This gate voltage turns on the T1
transistor thus coupling the C1 capacitor to the bit line BLT. Here, the charge stored in the
C1 capacitor is transferred out of the NVRAM memory cell and onto the bit line BLT. In the
example of FIG. 11A, the DRAM memory cell stores a logical “0”. Thus, when the C1
capacitor is coupled to the bit line BLT through the T1 transistor, the BLT voltage rises above
ground by a small amount and the BLC voltage rises to a reference voltage that is greater
than the voltage rise on the BLT line.

[00154] At time point C, the sense amplifier 25 is triggered by the difference between the
voltages on the bit lines BLT and BLC. Through the operation of the sense amplifier 25, the
small voltage difference on the bit lines BLT and BLC is amplified. Here, the voltage on the
bit line BLC, which at first rose by a larger amount than that of the bit line BLT, is driven by
the sense amplifier 25 to a high voltage. In the example of FIG. 11A, the sense amplifier 25
drives the BLC signal line to VCC. Additionally, the voltage on the bit line BLT, which at first
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rose by a small amount, is driven by the sense amplifier 25 to a low voltage. In the example
of FIG. 11A, the sense amplifier 25 drives the BLT signal line to ground. Following time
point C, the BLC signal line remains at a high voltage and the BLT signal remains at a low
voltage through the operation of the sense amplifier 25.

[00155] The sense amplifier 25 driving the bit lines BLC and BLT to a high and low
voltage respectively restores the logical value read from the NVRAM cell back to the
NVRAM cell. With the voltage of the CPNV line at a high level, a voltage differential exists
between the CPNV line and the bit line BLT. Through this voltage differential and the
operation of the T1 transistor, the polarization of the ferroelectric material 118 between the
first and second plates 114 and 116 is driven to a low level. In this way, the logical “0” value
represented by the low voltage on the bit line BLT is restored to the C1 capacitor of the
NVRAM memory cell.

[00156] At time point D, the CPNV signal line is driven to a low voltage. In the example of
FIG. 11A, the CPNV signal is driven to ground. The row decoder 20 continues to assert the
WLNYV signal line by driving this signal line to a high voltage. With the CPNV signal line
driven low and the WLNV signal driven high, the low voltage of the CPNV signal is provided
to the C1 capacitor of the NVRAM memory cell. More specifically, the low voltage is
provided to the first plate 114 of the C1 capacitor. The asserted WLNV signal line continues
to provide a high voltage to the gate of the T1 transistor of the NVRAM memory cell. As
mentioned, this gate voltage turns on the T1 transistor thus coupling the C1 capacitor to the
bit line BLT. The BLC signal line remains at a high voltage and the BLT signal remains at a
low voltage through the operation of the sense amplifier 25. With the voltage of the CPNV
line at a low level, no voltage differential exits between the CPNV line and the bit line BLT.
Here, the logic state previously restored to the C1 capacitor remains stored.

[00157] The sense amplifier 25 driving the bit lines BLT and BLC also provides the logical
value read from the NVRAM memory cell to another location. In the example of FIG. 11A,
the logical value read from the NVRAM memory cell is provided to a corresponding DRAM
memory cell. Thus, at time point E, the row decoder 20 asserts the WLD signal line by
driving this signal line to a high voltage. The asserted WLD signal line provides a high
voltage to the gate of the T1 transistor of the DRAM memory cell. This gate voltage turns on
the T1 transistor of the DRAM memory cell thus coupling the C1 capacitor to the bit line BLT.

[00158] At time point F, the row decoder de-asserts the WLD and WLNV signals by
driving these signals to a low voltage. The de-asserted WLNV signal line provides a low
voltage to the gate of the T1 transistor of the NVRAM memory cell. This gate voltage turns
off the T1 transistor thus decoupling the C1 capacitor of the NVRAM cell from the bit line
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BLT. Here, the charge restored to the C1 capacitor through the operation of the sense
amplifier 25 remains stored in the NVRAM memory cell. The de-asserted WLD signal line
provides a low voltage to the gate of the T1 transistor of the DRAM memory cell. This gate
voltage turns off the T1 transistor thus decoupling the C1 capacitor of the DRAM cell from
the bit line BLT. Here, the charge stored to the C1 capacitor through the operation of the
sense amplifier 25 remains stored in the DRAM memory cell. With the bit lines BLT and
BLC de-coupled from the DRAM and NVRAM cells, these signal lines return to a low
voltage.

[00159] FIG. 11Bis a timing diagram that illustrates a memory operation that copies data
from an NVRAM memory cell to a DRAM memory cell in accordance with an embodiment of
the present disclosure. The memory operation of FIG. 11B may occur in any of the various
hybrid NVRAM/DRAM structures discussed herein, but is illustrated in FIG. 11B with specific
reference to a 1T1C configuration. By way of example and not limitation, FIG. 11B illustrates
a memory operation that reads and writes a logical “1” value. The memory operation of FIG.
11B is similar to the memory operation of FIG. 11A; however, in FIG. 11B the memory
operation reads and writes a logical “1” value. Thus, initially, the row decoder does not apply
a signal on either the WLD or the WLNYV lines and the state of the circuit is as described
above in connection with FIG. 11A. At time point A, the CPNV signal line is driven to a high
voltage in preparation for the logic value stored in the C1 capacitor to be read out of the
NVRAM memory cell. At time point B, the row decoder 20 provides a high voltage to the
WLNV so as to transfer the charge stored in the C1 capacitor onto the bit line BLT. Here,
the BLC voltage rises above ground to a reference voltage and the BLT voltage rises above
ground by a larger amount as compared to the voltage rise on the BLC line. At time point C,
the sense amplifier 25 is triggered and the voltage on the bit line BLC is driven to a low
voltage and the voltage on the bit line BLT is driven to a high voltage. At time point D, the
CPNV signal line is driven to a low voltage and the logical “1” represented by the high
voltage on the BLT line is restored to the C1 capacitor of the NVRAM memory cell. At time
point E, the row decoder 20 drives the WLD to a high voltage so as to store the logical value
read from the NVRAM cell in the DRAM cell.

[00160] Although the memory cells 105 are shown vertically stacked in FIGS. 4B, 5B, 6B,
and 9B, in some embodiments of the present disclosure, a single layer of memory cells 105
is included in a memory array. For example, in some embodiments a memory array includes
a single layer of memory cells 105, without memory cells 105 stacked thereon. FIG. 12
illustrates an example circuit 1200 that includes such a planar arrangement. The example
circuit 1200 includes a column of memory cells 105 according to an embodiment of the
present disclosure. The example circuit 1200 includes DRAM memory cells 1204 and
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NVRAM memary cells 1208, The circuit 1200 further includes word lines WLNV and WLD,
digit ines BLT and BLC, and sense component 25, The digit fine BLT is coupled to a sense
node A of the sense component 25 and the digit line BLC is coupled to a sense node B of
the sense component 25. The word lines, digit lines, and sense component may be
examples of memory cells 105, word lines 12, digit lines 15, and sense component 25,
respectively, as described with reference to FIG. 1. VWhile one column and eight rows of
memory cells 105 are shown in FIG. 12, a memory array may include many columns and

rows of memory cells as those shown.

001611  Memory cells 105 may include a logic storage component, such as capacitors
and selection components. in the NVRAM memory cells 105 NVMC, the capacitors of the
memory cells 105 may be ferroelectric capacitors. In the DRAM memaory cells 1085, the
capacitors of the memory cells 185 may be dielectric capaciiors. The capacitors may
discharge upon coupling o digit lines BLT and BLC. As previously described, various siates
may be stored by charging or discharging the capaciiors of the memory cell 105. The
selection components of memory cell 105 may be activated by a respective word line. The
NVRAM memory cells NVMC may be activated by a respective word ling WLNV., The
DRAM memory cells DMC may be activated by a respective word line WLD. The NVRAM
memory cells NVMC may be coupled to a plate line CPNV that may be used during access
of the memory cells. The DRAM memory celis DMC may be coupled to a plate line CPD

that may be used during access of the memory cells 105,

[00182] Various embodiments of memory celis have two transistors and two capacitors
have been disclosed with reference to FIGS. 1-12. The transistors in some embodiments of
the memory cells may be vertical transistors each formed from a respective semiconductor
pillar. The conductive materials of the first and second plates of the capacitors C1 and C2
may be any suitable conductive materials, including, for example, one or more of various
metals (e.g., tungsien, titanium, etc.), metal-containing compositions {(e.g., metal nitride,
metal carbide, metal silicide, etc)), conductively-doped semiconductor materials (8.q.,
conductively-doped silicon, conductively-doped germanium, etc.), eic. Some or all of plates
of the capacitors C1 and C2 may comprise the same composition as one another, or may

comprise different compositions relative to one anocther.

f00163] In the NVRAM memory cells discussed herein, the capaciiors C1 and C2 are
ferroelectric capaciiors. The ferroelectric materials of the capacitors C1 and C2 may
comprise any suitable composition or combination of compaositions. in some embodiments
the capacitor dielectric malerials may comprise ferroelectric material. For instance, the
capacitor dielectric materials may comprise, consist essentially of, or consist of one or more

materials selected from the group consisting of transition metal oxide, zirconium, zirconium
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oxide, hafiium, hafnium oxide, lead zirconium titanate, tantalum oxide, and barium strontium
titanate; and having dopant therein which comprises one or more of silicon, aluminum,
lanthanum, ytirium, erbium, caldium, magnesium, niobium, strontium, and a rare earth
element. In some embodiments the ferroelectric materials may comprise a same
composition as one another, and in other embodiments may comprise different compositions

relative io one another.

[00164] The plate line structure CP may comprise any suitable conductive material,
including, for exampie, one or more of various metals (e.q., tungsten, titanium, etc.), metal-
containing compositions (e.g., metal nitride, metal carbide, metal silicide, etc.), conductively-
doped semiconductor materials {e.g., conductively-doped silicon, conductively-doped

germanium, ete.), et

[00165] The semiconductor pillars may comprise any suitable semiconductor materials
including, for example, one or both of sificon and germanium. The source/drain regions, and
channel region, may be doped with any suitable dopants. in some embaodiments the
source/drain regions may be n-type majority doped, and in other embodiments may be p-

type majority doped.

[00186] The word lines (WLNV and WLD) and digit Hines (BLT and BLC) may comprise
any suitable electrically conductive material, including, for example, one oy more of various
metals (e.g., tungsten, titanium, elc), metal-containing compositions {e.q., metal nitride,
metal carbide, metal silicide, etc.), conductively-doped semiconductor materials (e.g.,
conductively-doped silicon, conductively-doped germanium, etc.}, etc. The word lines and
digit fines may comprise the same composition as one ancther, or may comprise different

compositions relative {0 one another.

[00167] Insulative material may surround the various componenis of memory celis
disciosed herein. Such insulative material may comprise any suitable composition or
combination of compositions; including, for example, one or more of silicon dioxide, silicon
nitride, borophosphosilicate glass, spin-on dielectric, etc. Although insulative material may
be a single homogeneous material in some embodiments, in other embodiments the

insulative material may include two or more discrete insulative compositions.

[00168] FIG. 13 lllustrates a block diagram of a portion of memory 1300 that includes
memory array 10 that supporis a dielectric and/or ferroelectiic memory in accordance with
various embodiments of the present disclosure. Memory array 10 may be referred to as an
electronic memory apparatus and includes memaory controller 40 and memory cell 105,
which may be examples of memory controlier 40 and memory cell 105 described with

reference various embodimenis discussad herein.
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[00169] Memory controller 40 may include biasing component 1305 and timing
component 1310, and may operate memory array 10 as described in FIG. 1. Memory
controller 40 may be in electronic communication with word lines 12, capacitor plate bias
lines 14, digit lines 15, and sense component 25, which may be examples of word line 12,
plate lines (CPD or CPNV), digit line 15, and sense component 25 described with reference
to FIGS. 1-12. The components of memory array 10 may be in electronic communication
with each other and may perform the functions described with reference to FIGS. 1-13.

[00170] Memory controller 40 may be configured to activate word lines 12 or digit lines 15
by applying voltages to the word and digit lines. For example, biasing component 1305 may
be configured to apply a voltage to operate memory cell 105 to read or write memory cell
105 as described above. In some cases, memory controller 40 may include a row decoder,
column decoder, or both, as described with reference to FIG. 1. This may enable memory
controller 40 to access one or more memory cells 105. Biasing component 1305 may also
provide voltage potentials for the operation of sense component 25.

[00171] Memory controller 40 may further determine a logic state of the ferroelectric
and/or dielectric memory cell 105 based on activating sense component 25, and write the
logic state of the ferroelectric memory cell 105 back to the ferroelectric memory cell 105.

[00172] In some cases, memory controller 40 may perform its operations using timing
component 1310. For example, timing component 1310 may control the timing of the
various word line selections or plate line biasing, including timing for switching and voltage
application to perform the memory functions, such as reading and writing, discussed herein.
In some cases, timing component 1310 may control the operations of biasing component
1305. For example, the memory controller 40 may control the biasing component 1305 to
provide a read voltage VREAD to the plate line CP to change the voltage of the memory cell,
the digit lines BLT and BLC, and sense node A and sense node B of sense component 25.
Following the biasing of the plate line CP, the memory controller 40 may control the sensing
component 25 to compare the voltage of sense node A to the voltage of sense node B.

[00173] Upon determining and amplifying the voltage difference, the sense component 25
may latch the state, where it may be used in accordance with the operations of an electronic
device that memory array 10 is a part.

[00174] FIG. 14 illustrates a system 1400 that supports a ferroelectric memory in
accordance with various embodiments of the present disclosure. System 1400 includes a
device 1405, which may be or include a printed circuit board to connect or physically support
various components. Device 1405 may be a computer, notebook computer, laptop, tablet
computer, mobile phone, or the like. Device 1405 includes a memory array 10, which may
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be an example of memory array 10 as described with reference to FIGS. 1-13. Memory
array 10 may contain memory controller 40 and memory celi{s) 105, which may be examples
of memory controller 40 and memory celis 105 described with reference to FIGS. 1-13.
Device 1405 may also include a processor 1410, BIOS component 1415, peripheral
componeni(s) 1420, and input/output control component 1425, The components of device

1405 may be in electronic communication with one another through bus 1430,

001751 Processor 1410 may be configured to operate memory array 10 through memory
controfler 40. In some cases, processor 1410 may perform the functions of memory
controfler 40 described with reference to FIGS. 1 and 13, In other cases, memaory controller
40 may be integrated into processor 1410, Processor 1410 may be a general-purpose
processor, a digital signal processor (DEP), an application-spedcific integrated circuit {(ASIC),
a field-programmable gate array (FPGA) or other programmable logic device, discrete gate
or transistor logic, discrete hardware componenis, or it may be a combination of these types
of components. The processor 1410 may perform various functions and operate the
memory array 10 as described herein. FProcessor 1410 may, for example, be configured o
execute computer-readable instructions stored in memory array 10 to cause device 1405

perform various functions or {asks.

{00176] BIOCS component 1415 may be a software component that includes a basic
input/output system (BIOS) operated as firmware, which may initialize and run various
hardware components of system 1400, BIOS component 1415 may also manage data flow
between processor 1410 and the various components, e.g., peripheral componenis 1420,
input/output control component 1425, etc. BIOS component 1415 may inciude a program or
software stored in read-only memory (ROM), flash memaory, or any other non-volatile

Memory.

[00177] Peripheral componeni(s) 1420 may be any input or output device, or an interface
for such devices, that is infegrated info device 1405, Examples may include disk controllers,
sound controller, graphics controller, Ethernet controller, modem, universal serial bus (USB)
controller, a serial or parallel port, or peripheral card siots, such as peripheral component

interconnect (PCH or accelerated graphics port (AGP) slots.

001781 Input/output conirol component 1425 may manage data communication between
processor 1410 and peripheral componeni(s) 1420, input devices 1435, or ouiput devices
1440, Input/output control component 1425 may also manage peripherals not integrated into
device 14058, In some cases, inpul/output control component 1425 may represent a physical

connection or port 1o the external peripheral
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[00179] Input 1435 may represent a device or signal exiernal to device 1405 that provides
input to device 1405 or its components. This may include a user interface or interface with
or between other devices. In some cases, input 1435 may be a peripheral that interfaces
with device 1405 via peripheral component(s) 1420 or may be managed by input/ouiput

controf component 1425,

[00180] OQuiput 1440 may represent a device or signal external to device 1405 configured
to receive output from device 1405 or any of its components. Examples of output 1440 may
include a display, audio speakers, a printing device, another processor or prinied circuit
board, etc. In some cases, output 1440 may be a peripheral that interfaces with device 1405
via peripheral component{(s) 1420 or may be managed by input/output control component
1425

[00181] The componenis of memory controller 40, device 1405, and memory array 10
may be made up of circuitry designed o carry out thelr functions. This may include various
circuit elements, for example, conductive lines, transistors, capacitors, inductors, resistors,
amplifiers, or other active or inactive elements, configured 1o carry out the functions

described herein.

[00182] The above specification, drawings, examples and data provide a complete
description of the structure and use of exemplary embodiments of the invention as defined in
the claims. Although various embodiments of the claimed invention have been described
above with a certain degree of particularity, or with reference to one or more individual
embodiments, those skilled in the art could make numerous alterations to the disclosed
embodimenis without departing from the spiril or scope of the claimed invention. Cther
embodimenis are therefore contempilated. It is intended that all matter contained in the
above description and shown in the accompanying drawings shall be interpreted as
illustrative only of particuiar embodiments and not limiting. Changes in detail or structure
may be made without departing from the basic elements of the invention as defined in the

following claims.
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CLAIMS:

1. An apparatus, comprising:

a first memory cell comprising first and second ferroelectric capacitors configured to
store charges representing complementary logical values;

a second memaory cell comprising first and second dielectric capacitors configured to
store charges representing complementary logical values;

a first bit line selectably coupled o the first ferroelectric capacitor of the first memory
cell and to the first dielectric capacitor of the second memory cell; and

a second bit line selectably coupled 1o the second ferroeleciric capacitor of the first

memory cell and to the second dieleciric capacitor of the second memory cell.

2. The apparatus of claim 1, further comprising:

a sense amplifier coupled to the first and second bit lines.

3 The apparatus of claim 2, the sense ampilifier is configured to transfer data

between the first memory cell and the second memory cell,

4, The apparatus of claim 1, wherein the first memory cell is vertically displaced

relative to the second memaory cell.

5. The apparatus of claim 1, wherein:

the firsi ferroelectric capacitor of the first memory cell includes & first plate, a second
plate, and a ferroelectric material disposed between the first and second plates, the first
plate coupled o a first plate line structure; and

the second ferroelectric capacitor of the first memory celis includes a first plate, a
second plate, and a ferroelectric material disposed between the first and second plates, the

first plate coupled to the first plate line structure.

6. The apparatus of claim 5, wherein:

the first dielectric capacitor of the second memory cell includes a first plate, a second
plate, and a dielectric material disposed between the first and second plates, the first plate
coupled to a second plate line structure; and

the second dielectric capacitor of the second memory cells includes a first plate, a
second plate, and a dielectric material disposed between the first and second plates, the first

plate coupled 1o the second plate line structure.
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7. The apparatus of claim 8, wherein:
the firsi plate line structure is coupled to a voltage driver that is configured to toggle
the voltage on the first plate line structure when data is writlen to the first memory cell; and

the second plate line structure is coupled o a constant voltage.

8. The apparatus of claim 6, wherein:

the first memaory cell includes a first transistor configured 1o seleciably couple the first
ferroelectric capacitor of the first memory cell to the first bit line and a second transistor
configured to selectably couple the second ferroelectric capacitor of the first memory cell to
the second bit line, the first transistor vertically displaced relative to the first ferroelectric
capacitor and coupled to the second plate of the first ferroglectric capacitor, the second
transistor vertically displaced relative to the second ferrcelactiic capacitor and coupled (o the

second plaie of the second capacitor.

9. The apparatus of claim 8, wherein:

the second memory celf includes a first transistor configured to selectably couple the
first dielectric capacitor of the second memory cell {o the first bit line and a second transistor
configured to seleciably couple the second dielectric capacitor of the second memory cell {o
the second bit line, the first transistor vertically displaced relative to the first dielectric
capacitor and coupled to the second plate of the first dielectric capacitor, the second
transistor vertically displaced relative 10 the second dielectric capacitor and coupled 1o the

second plate of the second dielectric capacitor.

10. The apparatus of claim 1, further comprising:

a third memory cell comprising first and second dieleclric capacitors configured {o
store charges representing complementary logical values;

a fourth memory cell comprising first and second ferroelectric capacitors configured
o store charges representing complementary logical values;

a third bit line selectably coupled to the first dielectric capacitor of the third memory
cell and 1o first ferroelectric capacitor of the fourth memory cell;

& fourth bit line selectably coupled {o the second dielectric capaciior of the third
memory cell and to the second ferroelectric capacitor of the fourth memory cell; and

a second sense amplifier coupled o the third and fourth bit lines.
11. The apparatus of claim 10, wherein:
the first memaory cell is vertically displaced relative {0 the second memory cali;

the second memory celf is vertically displaced relative to the third memory cell; and
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the third memory cell is vertically displaced relative to the forth memory cell.

12. The apparagtus of claim 10, wherein:

the first ferroelectric capacitor of the first memory cell includes a first piate, a second
plate, and a ferroelectric material disposed between the first and second plates, the first
plate coupled 1o a first plate line structure;

the second ferroelectric capacitor of the first memory cells includes a first plate, a
second plate, and a ferroelectric material disposed between the first and second plates, the
first plate coupled o the first plate line structure;

the first dielectric capacitor of the second memory cell includes a first plate, a second
plate, and a dielectric material disposed between the first and second plates, the first plate
coupled to a second plate line structure; and

the second dielectric capacitor of the second memaory cells includes a first plale, a
second plaie, and a dielectiic material disposed between the first and second plaies, the first

plate coupled to the second plate line structure,

13. The apparatus of claim 12, wherein:

the first dielectric capacitor of the third memory cell includes a first plate, a second
plate, and a dielectric material disposed between the first and second plates, the first plate
coupled to the second plate line structure;

the second dielectric capacitor of the third memory cells includes a first plate, a
second plate, and a dielectric material disposed between the first and second plates, the first
plate coupled 1o the second plate line structure;

the firsi ferroelectric capaciior of the fourth memory cell includes a first plate, a
second plate, and a ferroelectric material disposed between the first and second plates, the
first plate coupled to third first plate line structure; and

the second ferroelectric capacitor of the fourth memory celis includes a first plate, a
second plate, and a ferroelectric material disposed between the first and second plates, the

first plate coupled to the third plate line structure.

14, The apparatus of claim 13, wherein:

the first plate line structure is coupled to a voltage driver that is configured o ioggle
the voltage on the first plate line structure when data is writien to the first memory cell;

the second plate line structure is coupled o a constant voltage; and

the third plate line structure is couplaed 10 a voltage driver that is configured 1o toggle

the voltage on the third plate line structure when data is written to the third memaory cell.
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15. The apparatus of claim 13, wherein:

the firsi memory cell includes a first transistor configured to selectably couple the first
ferroelectric capacitor of the first memory cell to the first bit line and a second transistor
configured to selectably couple the second ferroelectric capacitor of the first memory cell to
the second bit line, the first fransistor vertically displaced relative 1o the first ferroelectric
capacitor and coupled to the second plate of the first ferroelectric capacitor, the second
transistor vertically displaced relative 1o the second ferrcelectric capacitor and coupled o the
second plaie of the second capacitor;

the second memory celf includes a first transisior configured to selectably couple the
first dielectric capaciior of the second memory cell o the first bit line and a second transistor
configured to selectably couple the second diglectric capacitor of the second memory cell to
the second bit line, the first transistor vertically displaced relative to the first dielectric
capacitor and coupled to the second plate of the first dielectric capacitor, the second
transistor vertically displaced relative to the second dielectric capacitor and coupled 1o the
second plate of the second dielectric capacitor,

the third memory cell includes a first transistor configured 1o selectably couple the
first dielectric capacitor of the third memory cell to the third bit line and a second transistor
configured to seleciably couple the second dielectric capacitor of the third memory cell io the
fourth bit line, the first transistor vertically displaced relative {0 the first dielectric capaciior
and coupled 1o the second plate of the first dielectric capacitor, the second transisior
vertically displaced relative to the second dielectric capacitor and coupled to the second
plate of the second dielectric capaciior; and

the fourth memory cell includes a first transistor configuraed to selectably couple the
first ferroelectric capacitor of the fourth memory ceali 1o the third bit line and a second
transistor configured o seleciably couple the second ferroelectric capacitor of the fourth
memory cell {o the fourth bit line, the first transistor vertically displaced relative to the first
ferroelectric capacitor and coupled to the second plate of the first ferroelectric capacitor, the
second transistor vertically displaced relative to the second ferroelectric capacitor and

coupled {0 the second plaie of the second capacitor.

18. The apparstus of claim 1, wherein the first memory cell and the second

memory cell are arranged in planar configuration.
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17. An apparatus, comprising:

a first memory cell comprising a ferroelectric capacitor configured to store a charge
representing a logical value;

a second memory cell comprising a dielectric capacitor configured o store a charge
representing a logical value,

a first bit line selectably coupled o the ferroeleciric capacitor of the first memory cell
and to the dieleciric capacitor of the second memeory cell; and

a second bit line selectably coupled to the ferroelectiic capacitor of the first memory

cell and to the dielectric capacitor of the second memaory cell.

18. The apparatus of claim 17, further comprising:
a sense amplifier coupled to the first and second bit lines, wherein the sense
amplifier is configured {0 transfer data between the first memory cell and the second memory

cell.

19. The apparatus of claim 17, wherein the ferroelectric capacitor of the first
memory cell is a first ferroelectric capacitor and the first memory cell further comprises a
second ferroelectric capacitor configured to sicre a charge that is complementary to the

logical value stored by the first ferroelectric capacitor.

20. The apparatus of claim 17, wherein the dielectric capacitor of the second
memory cell is a first dielectric capacitor and the second memory cell further comprises a
second dielectric capacitor configured to store a charge that is complementary to the logical

vaiue stored by the first dielectric capaciior.

21. The apparatus of claim 17, wherein the first memory cell is vertically

displaced relative {0 the second memory cell.

22 The apparagtus of claim 17, wherein:
the ferroelectric capacitor of the first memory cell includes g first plate, a second
plate, and a ferroelectric material disposed between the first and second plates, the first

plate coupled 1o a first plate line structure.

23. A method, comprising:
reading a data bit from a first memory cell that includes first and second dielectiic
capacitors configured 1o store charges that represent the data bit through complementary

iogical values;
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latching the data bit at a sense ampilifier; and
writing the data bit from the sense amplifier to a second memory cell that includes
first and second ferroelectric capacitors configured 1o store charges that represent the data

bit through complementary logical values.

24, The method of claim 23, further comprising:

writing the data bit from the sense amplifier back to the first memory cell.

25. The method of claim 23, wherein the second memaory cell includes a capacitor
plate line structure and writing the data bil o the second memory cell includes toggling a

voltage of the capacitor plate line struciure between a first voltage and a second voltage.

26. The methad of claim 25, wherein a first data value is written to the first
ferroelectric capacitor when the first voltage is applied to the capacitor plate line structure,
and a second data value is written to the second ferroelsctric capacitor when the second

voltage is applied to the capacitor plate line structure.

27. A method, comprising:

reading a data bit from a first memory cell that includes first and second ferroelectric
capacitors configured o store charges that represent the data bit through complementary
logical values;

fatching the data bit at a sense ampiifier; and

writing the data bit from the sense amplifier 1o a second memory cell that includes
first and second dielectric capacitors configured to store charges that represent the data bit

through complementary logical values.

28. The method of claim 27, further comprising:

writing the data bit from the sense amplifier back to the first memory cell.

29. The method of claim 28, wherein the first memory cell includes a capacitor
plate line structure and writing the data bit back to the first memory cell include toggling a

voltage of the capacitor plate line struciure between a first voltage and a second voltage.

30. The method of claim 29, wherein a first data value is written back to the first
ferroelectric capacitor when the first voltage is applied to the capacitor plale line structure,
and a second data value is wrilten back 1o the second ferroelectric capacitor when the

second voltage is applied to the capacitor plate line structure.
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31. A method, comprising:

reading a data bit from a first memory cell that includes a dielectric capacitor
configured to store a charge that represents the data bit through a logical value;

latching the data bit at a sense amplifier; and

writing the data bit from the sense amplifier 1o a second memory cell that includes a
ferroelectric capacitor configured o store g charge that represents the data bit through a

logical value,

32. The method of claim 31, further comprising:

writing the daia bit from the sense amplifier back to the first memory ceall.

33. The method of claim 31, wherein the second memaory cell includes a capacitor
plate line structure and writing the data bit {o the second memory cell includes toggling a

voltage of the capacitor plate line structure between a first voliage and a second voltage.

34. The method of claim 31, wherein the ferroelectric capacitor of the second
memory cell is a first ferroelectric capacitor and the second memory cell further comprises a
second ferroelectric capacitor configured to sicre a charge that is complementary to the

logical value stored by the first ferroelectric capacitor.

35. The method of claim 31, wherein the dielectric capacitor of the first memory
cell is a first dielectric capaciior and the first memory cell further comprises a second
dielectric capacitor configured 1o store a charge that is complementary to the logical value

stored by the first dielectric capacitor.
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