w0 2022/000486 A 1 |0 00000 KO0 T OO0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
06 January 2022 (06.01.2022)

(10) International Publication Number

WO 2022/000486 Al

WIPO I PCT

(51) International Patent Classification:
G11C 11/22 (2006.01)

(21) International Application Number:
PCT/CN2020/100210

(22) International Filing Date:
03 July 2020 (03.07.2020)

(25) Filing Language: English

(26) Publication Language: English

(71) Applicant: YANGTZE MEMORY TECHNOLOGIES
CO., LTD. [CN/CN]; No. 88 Weilai 3rd Road, East Lake
High-tech Development Zone, Wuhan, Hubei 430000 (CN).

(72) Inventor: TANG, Qiang; No. 88 Weilai 3rd Road, East
Lake High-tech Development Zone, Wuhan, Hubei 430223
(CN).

(74) Agent: NTD UNIVATION INTELLECTUAL PROP-
ERTY AGENCY LTD.; 10th Floor, Tower C, Beijing
Global Trade Center, 36 North Third Ring Road East,
Dongcheng District, Beijing 100013 (CN).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
KP,KR,KW,KZ,LA,LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US,UZ, VC, VN, WS, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,

(54) Title: METHOD FOR READING AND WRITING MEMORY CELLS IN THREE-DIMENSIONAL FERAM

1000
\ ¢ —-1001——3 « —-1002 - -3
WL 333-a Viass
Vset
/ Y
WL 333-b ——— L Ypass L -
Vreset
V,
WL 333-c pass
Vpass |
BL 341 -1 \ Vreset \ Vreset
Vset Vset
BL 341-2 / Voass
Vset
BL 341-3 / Vonee
\ Vreset [
Fig. 10

(57) Abstract: A programming method for a three-dimensional ferroelectric memory device is disclosed. The programming method
includes applying a first voltage on a selected word line of a target memory cell. The target memory cell has a first logic state and a second
logic state corresponding to a first threshold voltage and a second threshold voltage, respectively. The first and second threshold voltages
are determined by two opposite electric polarization directions of a ferroelectric film in the target memory cell. The programming
method also includes applying a second voltage on a selected bit line, where a voltage difference between the first and second voltages
has a magnitude larger than a coercive voltage of the ferroelectric film such that the target memory cell is switched from the first logic

state to the second logic state.
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METHOD FOR READING AND WRITING MEMORY CELLS IN THREE-
DIMENSIONAL FERAM

TECHNICAL FIELD
[0001] The present disclosure generally relates to the field of semiconductor technology, and

more particularly, to a method for reading and writing memory cells in a three-dimensional

(3D) Ferroelectric Randorn Access Mermory (FeRAM).

BACKGROUND

{0602] As memory devices are shrinking to smaller die size to reduce manufacturing cost
and mcrease storage density, scaling of planar memory cells faces challenges due to process
technology himitations and reliability issues. A three-dimensional (3D) memory architecture
can address the density and performance limitation in planar memory cells.

{0603] In a 3D NAND flash memory, memory cells can be programmed for data storage
based on charge-trapping technology. The storage information of a memory cell depends on
the amount of charge trapped in a storage layer. Although 3-D NAND memory can be high
density and cost-effective, it suffers from low write speed and high power consumption at
system level due to required periphery {e g., charge pumps). Therefore, a need exists to
resolve these ssues while keeping the advantages of the 3D NAND technology.

{6004} Ferroelectric Random Access Memory (FeRAM) 1s a high performance and low-
power non-volatile memory that can combines the benefits of conventional non-volatile
raemories (Flash and EEPROM) and high-speed RAM (SRAM and DRAM.} FeRAM can
outperform existing memories like EEPROM and Flash with less power consumption, faster
response, and greater endurance to multiple read-and-write operations. However, traditional
planar FeRAM 1s difficult to scale down. Signal margin of a FeRAM decreases with reduced
cell area because it 1s challenging to increase the intrinsic polarization of ferroelectric
material. By replacing the charge trapping storage layer in a 3D NAND flash memory with a
ferroelectric material {e.g., StH{O2), a 3D ferroelectric NAND flash memory can be formed.
The effective area of the ferroelectric matenial in the 3D structure can be much larger than the

unit area of the memory cell. Thus, a 3D FeRAM can have scalable dimensions without
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performance penalty. The object of the present disclosure is to provide various methods for

reading and writing the ferroelectric memory cells in a 3D FeRAM.

BRIEF SUMMARY

{0005] Embodiments of methods for reading and writing of memory cells in a three-
dimensional (3D} ferroelectric memory device is described in the present disclosure.

{0006] One aspect of the present disclosure provides a reading method of a three-
dimensional ferroelectric memory device. The reading method includes applying a read
voltage on a selected word line of a target memory cell. The target memory cell has two logic
states corresponding to a higher threshold voltage and a lower threshold voltage that are
determined by two opposite electric polarization directions of a ferroelectric film 1n the target
memory cell. The read voltage 15 smaller than the higher threshold voltage and 1s larger than
the lower threshold voltage. The reading method further includes measuring an electric
current that flows through the target memory cell.

{60071 In some embodiments, the reading method also inchudes electrically connecting a
selected memory string to a bit hine and to an array common source. The selected memory
string has a first plurality of stacked memory cells that include the target memory cell. The
electric current ts measured at the bit ine,

{6008] In some embodiments, the reading method further includes applying a pass voltage on
an unselected word line. In some embodiments, the applying the pass voltage on the
unselected word hine includes applying the pass voltage with a magnitude larger than the
higher threshold voltage to switch on all memory cells on the unselected word line. The
applying the pass voltage also includes applying the pass voltage with the magnitude smaller
than a coercive voltage of the ferroelectric film such that the electric polarization direction is
not switched.

{0009] Another aspect of the present disclosure provides a programming method of a three-
dimensional ferroelectric memory device. In some embodiments, the programming method
includes applying a first voltage on a selected word line of a target memory cell. The target
memory cell includes a first logic state and a second logic state corresponding to a first
threshold voltage and a second threshold voltage, respectively. The first and second threshold

voltages are determined by two opposite electric polarization directions of a ferroelectric film
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in the target memory cell. The programming method also includes applying a second voltage
on a selected bit ling that 1s connected to a drain terminal of the target memory cell. A
voltage difference between the first and second voltages has a magnitude larger thana
coercive voltage of the ferroelectric film to switch the target memory cell from the first logic
state to the second logic state.

{0610} In some embodiments, the switching the target memory cell from the first logic state
to the second logic state includes switching the electric polarization direction to an opposite
direction.

{0011} In some embodiments, the applying the first and second voltages includes applying
voltages with opposite signs and same magnitudes. In some embodiments, the first voliage
can be a positive voltage, and the second voltage can be a negative voltage. The switching
the target memory cell from the first logic state to the second logic state includes switching
the target memory cell from the first threshold voltage to the second threshold voliage, the
first threshold voltage 1s higher than the second threshold voltage.

{6012} In some embodiments, the first voltage can be a negative voltage, and the second
voltage can be a positive voltage. Tn some embodiments, the switching the target memory
cell from the first logic state to the second logic state includes switching the target memory
cell from the first threshold voltage to the second threshold voltage. The first threshold
voltage 18 lower than the second threshold voltage.

[6013] In some embodiments, the programmung method further includes applying a pass
voltage on an unselected word line. The pass voltage 1s higher than the first and second
threshold voltages and has a magnitude smaller than the coercive voltage of the ferroelectnic
film. In some embodiments, the pass voltage 1s apphed on an unselected bit ine. A second
voltage difference between the first voltage and the pass voltage includes a magnitude
smaller than the coercive voltage of the ferrcelectric film. An unselected memory cell 15
inhibited to switch between the first and second logic states.

{6014] In some embodiments, the first and second voltages can be voltage pulses with
durations in a range between 10ns to 100us.

[6015] In some embodiments, the first and second voltages can have magnitudes 1 a range

between about 1.5V to about 5V,
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{0016} In some embodiments, the programming method also includes switching on a lower
select transistor that 1s connected to a source terminal of the target memory cell and an array
common source, and applying the second voltage on the array common source.

{0617} In some embodiments, the programming method further inchides switching off a
lower select transistor that 1s connected to a source terminal of the target memory cell.

{0618] In some embodiments, the programming method further inchides switching on a top
select transistor that is connected to the drain terminal of the target memory cell and the
selected bit line.

{0019} Another aspect of the present disclosure provides a three-dimensional ferroelectric
memory device. The memory cell of the three-dimensional ferroelectric memory device
comprises a ferroelectric film. The memory cell comprises a first logic state and a second
logic state corresponding to a first threshold voltage and a second threshold voltage,
respectively. The first and second threshold voltages can be determined by two opposite
electric polarization directions of the ferroelectric film. The memory cell is configured to be
programumed by applying a first voltage on a selected word line and applying a second
voltage on a selected bit line, wherein a voltage difference between the first voltage and the
second voltage comprises a magnitude larger than a coercive voltage of the ferroelectric film
to switch the memory cell from the first logic state to the second logic state.

{8028} In some embodiments, the first voltage can be a positive voltage, the second voltage
can be a negative voltage, and the first threshold voltage can be higher than the second
threshold voltage.

{6021} In some embodiments, the first voltage can be a negative voltage, the second voltage
can be a positive voltage, and the first threshold voltage can be lower than the second
threshold voltage.

{0622] In some embodiments, the three-dimensional ferroelectric memory device also
includes a film stack of alternating conductive and dielectric layers, and a plurality of
memory strings extending vertically through the film stack, wherein the plorality of memory
strings each has one or more of the memory cell.

{0023] In some embodiments, the memory cell further includes a core filling film surrounded

by a channel layer and the ferroelectric film.
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{0024} In some embodiments, the memory cell also includes an interface layer between the
ferroelectric film and the channel layer.

{0025} In some embodiments, the memory cell also includes a bottom electrode between the
ferroelectric film and the channel layer.

{0026} In some embodiments, the memory cell is at a higher threshold voltage when the
ferroelectric film has an electric polarization with a direction pointing from the channel layer
to the conductive layver. The memory cell is at a logic state of 0.

{0027] In some embodiments, the memory cell 1s at a lower threshold voltage when the
ferroelectric film has an electric polarization with a direction pointing from the conductive

layer to the channel layer. The memory cell 1s at a logic state of 1.

{0028] In some embodiments, the ferroelectric film has a thickness between S nm and 100
am,
[0029] In some embodiments, the ferroelectric film mcludes a high-k dielectric material. The

high-k dielectric material includes hafnim oxide (HfO2), aluminum oxide (A1203),
Zirconium oxide {Zr(:), titanium oxide (T102), niobium oxide (Nb2Os), tantalum oxide
(Ta20s5), tungsten oxide (WOs), molybdenum oxide (MO3), vanadium oxide (V203),
lanthanum oxide (Lax03), and/or any combination thereof.

{0030] Other aspects of the present disclosure can be understood by those skilled m the art in

light of the description, the claims, and the drawings of the present disclosure,

BRIEF DESCRIPTION OF THE DRAWINGS

{0631} The accompanying drawings, which are incorporated herein and form a part of the
specification, iHustrate embodiments of the present disclosure and, together with the
description, further serve to explain the principles of the present disclosure and to enablea
person skilled in the pertinent art to make and use the present disclosure.

{6032} Fig. 1 illustrates a schematic top-down view of an exemplary three-dimensional (3D)
memory die, according to some embodiments of the present disclosure.

{0033] Fig. 2 illustrates a schematic top-down view of a region of 3D memory die, according
to some embodiments of the present disclosure.

{0034] Fig. 3 illustrates a perspective view of a portion of an exemplary 3D memory array

structure, m accordance with some embodiments of the present disclosure.



WO 2022/000486 PCT/CN2020/100210

{0035} Fig. 4 illustrates an exemplary polarization characteristics of a ferroelectric material
as a function of applied electrical field, according to some embodiments of the present
disclosure.

{6036] Figs. 5 and 6 illustrate schematic cross-sectional views of 3D Fe-NAND memory
structures, according to some embodiments of the present disclosure.

{0637} Fig. 7 illustrates a schematic circunt diagram of a3 3D Fe-NAND memory, according
to some embodiments of the present disclosure.

{0038] Figs. 8-10 tllustrate wave forms of writing operations, according to some
embodiments of the present disclosure.

{0039] The features and advantages of the present invention will become more apparent from
the detatled description set forth below when taken in conjunction with the drawings, in
which like reference characters identify corresponding elements throughout. In the drawings,
like reference numbers generally indicate 1dentical, functionally similar, and/or structurally
similar elements. The drawing in which an element first appears 15 indicated by the leftmost
digit(s) in the corresponding reference number,

[0040] Embodiments of the present disclosure will be described with reference to the

accompanying drawings.

DETAILED DESCRIPTION

{0041] Although specific configurations and arrangements are discussed, 1t should be
understood that this 13 done for illustrative purposes only. A person skilied in the pertinent art
will recognize that other configurations and arrangements can be used without departing
from the spirit and scope of the present disclosure. It will be apparent to a person skilled in

the pertinent art that the present disclosure can also be employed in a variety of other

applications.
{0042] It 15 noted that references in the specification to “one embodiment,” “an
embodiment,” “an example embodiment,” “some embodiments,” etc., indicate that the

embodiment described can include a particular feature, structure, or characteristic, but every
embodiment can not necessarily include the particular feature, structure, or characteristic.
Moreover, such phrases do not necessarily refer to the same embodiment. Further, when a

particular feature, structure or characteristic 15 described 1n connection with an embodiment,
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[0043]

[0044]

[0045]

0046}

it would be within the knowledge of a person skilled in the pertinent art to affect such
feature, structure or characteristic in connection with other embodiments whether or not
explicitly described.

In general, terminology can be understood at least in part from usage in context. For
example, the term “one or more” as used herein, depending at least in part upon context, can
be used to describe any feature, structure, or characteristic in a singular sense or can be used
to describe combinations of features, structures or characteristics in a plural sense. Similarly,
terms, such as “a,” “an,” or “the,” again, can be understood to convey a singular usage or to
convey a plural usage, depending at least in part upon context. In addition, the term “based
on” can be understood as not necessarily intended to convey an exclusive set of factors and
may, instead, allow for existence of additional factors not necessarily expressly described,
again, depending at least in part on context.

It should be readily understood that the meaning of “on,” “above,” and “over” n the
present disclosure should be interpreted 1n the broadest manner such that “on” not only
means “directly on” something, but also includes the meaning of “on” something with an
intermediate feature or a layer there between. Moreover, “above” or “over” not only means
“above” or “over” something, but can also include the meaning it is “above” or “over”
something with no intermediate feature or layer there between (1.e., directly on something).

2% <&

Further, spatially relative terms, such as “beneath,” “below,” “lower,” “above,”
“upper,” and the like, can be used herein for ease of description to describe one element or
feature’s relationship to another element(s) or feature(s) as tllustrated in the figures. The
spatially relative terms are intended to encompass different orientations of the device n use
or process step n addition to the orientation depicted 1o the figures. The apparatus can be
otherwise oriented {rotated 90 degrees or at other orientations) and the spatially relative
descriptors used herein can likewise be interpreted accordingly.

As used herein, the term “substrate” refers to a material onto which subsequent
material layers are added. The substrate includes a “top” surface and a “bottom” surface. The
top surface of the substrate is typically where a semiconductor device 1s formed, and
therefore the semiconductor device 1s formed at a top side of the substrate unless stated

otherwise. The bottom surface is opposite to the top surface and therefore a bottom side of

the substrate is oppostte to the top side of the substrate. The substrate itself can be patterned.
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[0647]

{0048

{0649

Materials added on top of the substrate can be patterned or can remain unpatterned.
Furthermore, the substrate can include a wide array of semiconductor materials, such as
silicon, germaniom, gallium arsenide, indium phosphide, etc. Alternatively, the substrate can
be made from an electrically non-conductive material, such as a glass, a plastic, or a sapphire
wafer.

As used herein, the term “layer” refers to a material portion including a region with a
thickness. A layer has a top side and a bottom side where the bottom side of the layer is
relatively close to the substrate and the top side is relatively away from the substrate. A layer
can extend over the entirety of an underlying or overlying structure, or can have an extent
less than the extent of an underlying or overlying structure. Further, a layer can be a region of
a homogeneous or inhomogeneous continuous structure that has a thickness less than the
thickness of the continuous structure. For example, a layer can be located between any set of
horizontal planes between, or at, a top surface and a bottom surface of the continuous
structure. A layer can extend horizontally, vertically, and/or along a tapered surface. A
substrate can be a layer, can include one or more layers therein, and/or can have one or more
layer thereupon, there above, and/or there below. A layer can include multiple layers. For
example, an interconnect layer can include one or more conductive and contact layers (in
which contacts, interconnect lines, and/or vertical interconnect accesses (VIAs) are formed)
and one or more dielectric layers.

In the present disclosure, for ease of description, “tier” 1s used to refer to elements of
substantially the same height along the vertical direction. For example, a word line and the
underlying gate dielectric layer can be referred to as “a tier,” 2 word line and the underlying
msulating layer can together be referred to as “a tier,” word lines of substantially the same
height can be referred to as “a tier of word lines” or simular, and so on.

As used herein, the term “nominal/nominally” refers to a desired, or target, value of a
characteristic or parameter for a component or a process step, set during the design phase of a
product or a process, together with a range of values above and/or below the desired value.
The range of values can be due to shight variations in manufacturing processes or tolerances.
As used herein, the term “about” indicates the value of a given quantity that can vary based

on a particular technology node associated with the subject semiconductor device. Based on
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the particular technology node, the term “about” can indicate a value of a given quantity that
varies within, for example, 10-30% of the value {e.g., £10%, £20%, or +30% of the value).

In the present disclosure, the term “horizontal/horizontally/lateral/laterally” means
nominally parallel to a lateral surtace of a substrate, and the term “vertical” or “vertically”
means nominally perpendicular to the lateral surface of a substrate.

As used herein, the term “3D memory” refers to a three-dimensional (3D3)
semiconductor device with vertically oriented strings of memory cell transistors (referred to
herein as “memory strings,” such as NAND strings) on a laterally-oriented substrate so that
the memory strings extend in the vertical direction with respect to the substrate.

Fig. 1 illustrates a top-down view of an exemplary three-dimensional (3D) memory
device 100, according to some embodiments of the present disclosure. The 3D memory
device 100 can be a memory chip {package), a memory die or any portion of a memory die,
and can include one or more memory planes 101, each of which can include a plurality of
memory blocks 103, Identical and concurrent operations can take place at each memory
plane 101, The memory block 103, which can be megabytes (MB) in size, 1s the smallest size
to carry out erase operations. Shown in Fig. 1, the exemplary 3D memory device 100
ncludes four memory planes 101 and each memory plane 101 includes six memory blocks
103, Each memory block 103 can include a plurality of memory cells, where each memory
cell can be addressed through nterconnections such as bit lines and word hines. The bit lines
and word lines can be laid out perpendicularly {e.g., m rows and columns, respectively),
forming an array of metal lines. The direction of bit lines and word lines are labeled as “BL”
and “WL” n Fig. 1. In this disclosure, memory block 103 1s also referred to as a “memory
array” or “array.” The memory array 1s the core area in a memory device, perfornung storage
functions.

The 3D memory device 100 also includes a periphery region 105, an area surrounding
memory planes 101, The periphery region 105 contains many digital, analog, and/or mixed-
signal circutis to support functions of the memory array, for example, page buffers, row and
column decoders and sense amplifiers. Peripheral circuits use active and/or passive
semiconductor devices, such as transistors, diodes, capacitors, resistors, etc., as would be

apparent to a person of ordmary skill in the art.
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{0054} It is noted that, the arrangement of the memory planes 101 in the 3D memory device
100 and the arrangement of the memory blocks 103 in each memory plane 101 illustrated in

Fig. 1 are only used as an example, which does not limit the scope of the present disclosure.

=
==l
[
£

Referring to Fig. 2, an enlarged top-down view of a region 108 1n Fig. 1 s illustrated,
according to some embodiments of the present disclosure. The region 108 of the 3D memory
device 100 can include a staircase region 210 and a channel structure region 211, The
channel structure region 211 can include an array of memory strings 212, each including a
plurality of stacked memory cells. The staircase region 210 can include a staircase structure
and an array of contact structures 214 formed on the staircase structure. In some
embodiments, a plurality of shit structures 216, extending in WL direction across the channel
structure region 211 and the staircase region 210, can divide a memory block into multiple
memory fingers 218. At least some slit structures 216 can function as the common source
contact {e.g., array common source) for an array of memory strings 212 in channel structure
regions 211, A top select gate cut 220 can be disposed, for exarnple, in the nuddle of each
memory finger 218 to divide a top select gate (TSG) of the memory finger 218 into two
portions, and thereby can divide a memory finger into two memory shices 224, where
memory cells in a memory slice 224 that share the same word line form a programumable
(read/write) memory page. While erase operation of a 3D NAND memory can be carried out
at memory block level, read and write operations can be carried out at memory page level. A
memory page can be kilobytes (KB) in size. In some embodiments, region 108 also mcludes
dummy memory strings 222 for process vanation control during fabrication and/or for
additional mechanical support.

{0056] Fig. 3 illustrates a perspective view of a portion of an exemplary three-dimensional

(3D) memory array structure 300, according to some embodiments of the present disclosure.

The memory array structure 300 includes a substrate 330, an msulating film 331 over the

substrate 330, a tier of lower select gates (LSGs) 332 over the insudating film 331, and a

plurality of tiers of control gates 333, also referred to as “word lines (Wls),” stacking on top

of the LSGs 332 to form a film stack 335 of alternating conductive and dielectric layers. The
dielectric layers adjacent to the tiers of control gates are not shown 1n Fig. 3 for clarity.
{0057} The control gates of each tier are separated by slit structures 216-1 and 216-2 through

the film stack 335. The memory array structure 300 also includes a tier of top select gates

10
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(TSGs) 334 over the stack of control gates 333, The stack of TS 334, control gates 333 and
L.SG 332 s also referred to as “gate electrodes.” The memory array structure 300 further
includes memory strings 212 and doped source line regions 344 in portions of substrate 330
between adjacent L8Gs 332. Hach memory strings 212 includes a channel hole 336 extending
through the insulating film 331 and the film stack 335 of alternating conductive and dielectric
layers. Memory strings 212 also includes a memory film 337 on a sidewall of the channel
hole 336, a channel layer 338 over the memory film 337, and a core filling film 339
surrounded by the channel layer 338. A memory cell 340 can be formed at the intersection of
the control gate 333 and the memory string 212, The memory array structure 300 further
includes a plurality of bit lines (BLs) 341 connected with the memory strings 212 over the
TSGs 334. The memory array structure 300 also includes a plurality of metal interconnect
lines 343 connected with the gate electrodes through a plurality of contact structures 214

The edge of the film stack 335 15 configured in a shape of staircase to allow an electrical
connection to each tier of the gate electrodes.

[0058] In Fig. 3, for illustrative purposes, three tiers of control gates 333-1, 333-2, and 333-3
are shown together with one tier of TSG 334 and one tier of LSG 332, In this example, each
memory string 212 can include three memory cells 340-1, 340-2 and 340-3, corresponding to
the control gates 333-1, 333-2 and 333-3, respectively. In some embodiments, the number of
control gates and the number of memory cells can be more than three to increase storage
capacity. The memory array structure 300 can also include other structures, for example,
TSG cut, common source contact {1.e., array common source) and dummy memory string,
These structures are not shown m Fig. 3 for simphicity.

{B8039] While floating gate memory cells and charge trapping technology have been
traditionally utilized in flash memories, ferroelectric random access memories {FeRAMs) can
provide low-voliage and low-power operation, fast write, non-volatility, and high cycling
endurance.

{0660} Ferroelectricity s a property observed in non-centrosymmetric dielectric crystals that
show a spontaneous electric polarization, where the direction of polarization can be changed
by an externally applied electric field. In a ferroelectric material, some atoms in the unit cell
are misplaced to create a permanent electric dipole due to the distribution of electric charge.

A macroscopic manifestation of the charge separation 1s the surface charge of the

11
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ferroelectric material, described by an electric polarization P. Typical ferroelectric materials,
such as Lead Zirconate Titanate (PZT), Strontium Bismuth Tantalate (SrB12Ta:0s or SBT),
Barium Titanate (BaTi0s) and PbTi(s, have perovskite-type crystal structure, where the
cation in the center of the unit cell has two positions, both being stable low-energy states.
The two low-energy states correspond to two oppostie directions of the electric dipole. Under
an external electric field, the cation can move in the direction of the electric field. Thus, by
applying an external electric field across the crystal, cation in the unit cell can be moved
from one low-energy position to another low-energy position and the direction of the electric
dipole can be flipped if the applied electric field is high enough As a result, the electric
polarization P in the ferroelectric material can be aligned with the direction of the external
electric field.

{0061] Fig. 4 illustrates an exemplary electric polarization P of a ferroelectric material as a
function of applied electrical field E, where a reranant polarization Pr (or a reversed remnant
polarization -Pr) of the ferroelectric material can be measured at zero external electric field.
As shown in Fig. 4, the change of the electric polarization with an applied electric field
follows a hysteresis loop. When a positive electric field is applied across the ferroelectric
material, it 15 polarized positively unti] its electric polarization P changes hnearly with
applied electric field E.

{0062] When the external electric field 1s removed, the electric polarization (also referred to
polarization n this disclosure) in the ferroelectric matenial does not disappear. When the
external electric figld is removed after the ferroelectric matenal has been fully polarized, the
remaining polarization in the ferroelectric material 1s the remnant polanzation Pr.

{0063] Applying a reverse electric field does not un-polarize the ferroelectric matenal antif it
reaches the reversed coercive field ~Fc. Here, the negative sign shows the reversed direction
of the electric field, and the magnitude is represented by Ec, where at the left-side of the loop
the polarization P reaches zero. Continuingly increasing the magnitude of the negative
eleciric field, the ferroelectric material can be fully polarized in the negative direction. When
the negative electric field is removed, the ferroelectric material has the reversed remmnant
polarization -Py, in the negative direction.

{0064] Applying a positive electric field from then on, and passing the coercive field Ec in

the positive direction, the polarization in the ferroelectric material can be flipped to positive
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direction again until 1t 1s fully polarized to follow linearly with the electric field. The
hysteresis loop can be repeated numerous times to alter the polarization direction of the
ferroelectric, often more than 10" cycles depending on the material.

The ferroeleciric polarization 1s non-volatile in that once the polarization is generated,
the external electric field is unable to change the polarization direction until the magnitede of
the electric field reaches a threshold (1. e, the coercive field Ec or reversed coercive field -Ec).
A ferroelectric memory (FeRAM) uses the polarization reversal or switching effect and
stores digital bits “0” and “1” according to the directions of the spontaneous polarization.

In a FeRAM, the ferroelectric material can be implemented as a capacitor, consisting
of a thin ferroelectric film sandwiched in between two conductive electrodes. To write, a
programming voltage Vp can be applied to one end of the capacitor and the other end of the
capacitor can be grounded. The polarization direction of the ferroelectric material can be
switched when the programming voltage Vj changes from positive to negative or vice versa.
And the capacitor can be set or reset to a logic state of “17 or “0.” Here, the programming
voltage Vp needs to be higher than a coercive voltage Ve, where V. = dy X E,, and dr is the
thickness of the ferroelectrnic material. For example, the coercive field Ec of an HfOz-based
ferroelectric material can be about 1 MV/em, while the coercive field Ec of PZT or SBT can
be about 50 kV/cm, While large coercive field Ec can provide large memory window {about
2-Ec} between two memory states {see Fig. 4}, smaller coercive voltage Ve can reduce
operation power and energy consumption. In some embodiments, the thickness dr of the
HFO;-based ferroeleciric matenal can be scaled down to a range between Snm and 50nm.
Accordingly, the coercive voltage Ve of the HfO:-based ferroelectric material can be in a
range between 0.5 V and 5 V. In some embodiments, the programming voltage Vp can have a
magnitude in a range between about 3V to about 10V, In some embodiments, the
programming voltage Vp can be a voltage pulse with a duration in a range between 10ns to
100us.

In a FeRAM, the ferroelectric matenial can also be implemented as a ferroelectric
field-effect-transistor (FeFET). In a three-dimensional ferroelectric NAND (3D Fe-NAND),
a memory cell can be formed by using a FeFET, where the storage information depends on
polarization directions of the ferroelectric material in a storage laver (e.g., the gate dielectric

of the transistor}.
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{00638} Fig. 5 illustrates a schematic cross-section of a 3D Fe-NAND memory structure 500,
according to some embodiments of the present disclosure. The 3D Fe-NAND memory
structure S00 includes a ferroelectric memory cell 540 having a vertical structure similar to
the memory cell 340 of the 3D NAND in Fig. 3. The ferroelectric memory cell 540 can
include a FeFET having a control gate (similar to the control gate 333), 2 memory film
{similar to the memory film 337} and a channel layer (similar to the channel layer 338).

{0069} In the 3D Fe-NAND memory structure 500, the memory film 337 can be disposed on
a stdewall of each channel hole 336 (illustrated in Fig. 3}, where the memory film 337 can
include a ferroelectric film 552 In some embodiments, the ferroelectric film 552 can nclude
a high-k (1.e, high dieleciric constant) dielectric matertal, which can include transitional
metal oxides such as hafnium oxide (HfO2), aluminum oxide (AlLbQO3), Zirconium oxide
(Zr(), titanium oxide (T102), niobium oxide (Nb:0Os), tantalum oxide (Tax0s), tungsten
oxtde (W03), molybdenum oxide (MO3), vanadium oxide (V203), lanthanum oxide (La203),
and/or any combination thereof. In some embodiments, to nuproved ferroelectric property,
the high-k dielectric material can be doped. For example, the ferroelectric film 552 can be
HIO: doped with silicon (S1), (Yitriuny Y, Gadolintum (Gd), Laonthanum (La), Zucorntum
(Zr) or Alununuro (A1), or any combivation thereot.

(8070} In some embodiments, the ferroelectric film 552 can include Zirconate Titanate
{(PZT), Strontium Bismuth Tantalate (SrB12Ta209), Barium Titanate (BaTi0s), PbT10s, and
BLT ((B1,La)4Ti3012), or any combimation thereof.

{00671] In some embodiments, the ferroelectric film 552 can be disposed by chemical vapor
deposition (CVD), for example, metal organic chemical vapor deposition (MOCVDY, low
pressure chemeial vapor deposition (LPCVD), plasma enhanced chemical vapor deposition
(PECVD}, high-density plasma chemical vapor deposition (HDP-CVD), etc. The
ferroelectric film 552 can also be disposed by atomic layer deposition {ALD), sputtering,
evaporating, or any combination thereof.

{6072} In some embodiments, the ferroelectric film 552 can have a thickness in a range
between 5 nm and 100 nm.

{0073] As shown 1n Fig. 5, the ferroelectric memory cell 540 (also referred to as the FeFET
540} can include a FeFET having a structure similar to a metal oxide semiconductor field

effect transistor (MOSFET), where the gate (1.e,, the control gate 333} and the channel (ie,
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the channel layer 338} of the transistor is separated by the ferroelectric film 552 When the
programming voltage Vp applied on the control gate 333 provides a positive voltage across
the ferroelectric film 552 that is larger than the coercive voltage (Vp>Ve), the ferroelectric
film 552 can have the positive remnant polarization Pr, with a direction pointing from the
controf gate 333 to the channel layer 338 As a result, top surface charges 560 near the
control gate 333 are negative and bottom surface charges 562 near the channel layer 338 are
positive. The positive bottom surface charges 562 near the channel can lower the threshold
voltage Vi of the transistor. Therefore, the ferroelectric memory cell 540 can be programmed
to a lower threshold voltage Vi 1, and set to a logic state of “1.7

{6074] On the other hand, when a reversed programming voltage -V (e g, negative voltage)
15 applied on the control gate 333 with a magnitude larger than the reversed coercive voltage
(i.e., |-Vpl>|-Vdi}, the ferroelectric film 552 can be negatively polarized to have the reversed
remnant polarization -Pr, with a direction pointing from the channel layer 338 to the control
gate 333, The top surface charges 560 near the control gate 333 are positive and bottom
surface charges 562 near the channel layer 338 are negative. The negative bottom surface
charges 562 near the channel increase the threshold voltage Vi of the transistor. Therefore,
the ferroelectric memory cell 540 can be programmed to a higher threshold voltage Ve 5,
and reset to a logic state of “0.7

{8075} It 13 noted that the coercive field Ec, the coercive voltage Ve, the programming
voltage Vp and the remnant polarization Pr are not necessarily be symmetric around zero.
Positive and negative values can have different magnitude. To simplify discussion below, 1t
18 assumed that the magnitudes are the same 1o the reversed direction. A person of ordinary
skill in the art should be able to apply the methods below for general conditions.

{0076} As discussed above, by applying suitable voltage pulses on the control gate 333,
polarization direction of the ferroelectric film 552 can be switched and threshold voltage of
the ferroelectric memory cell 340 can be changed, which impact the conductance of the
channel layer 338 and the on/off state of the FeEET 540. The logic states {or the storage data)
of the ferroelectric memory cell 540 can be determined accordingly.

{0077] By applying a reading voltage Viead on the control gate 333, the conductance of the
channel layer 338 can be measured from the source/drain ternminals of the ferroelectric

memory cell 540, The logic state or the threshold voltage of the ferroelectric memory cell
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540 can be verified. Compared with traditional 3D NAND where the memory cells are
operated based on charge trapping in the memory film, the ferroelectric memory cells 540 are
controlled by polarization in the ferroelectric film 552 instead.

In some embodiments, the ferroelectric memory cell 540 can also include an interface
layer 554 between the ferroelectric film 552 and the channel layer 338, The mnterface layer
554 can be used to reduce the possibility of material intermixing between the ferroelectric
film 552 and the channel layer 338, In this example, the effective gate dielectric of the
FeFET is the combination of the ferroelectric film 552 and the interface layer 554, Thinner
effective gate dielectric can provide better control of the channel layer 338 from the control
gate 333. Thus, a thickness of the mterface layer 554 can be in a range between about 5nm
and about S0nm. In some embodiment, the interface layer 554 can be silicon oxide, silicon
nitride, silicon oxynitride, high-k dielectric material (e.g., HfO,, HfAIO, Al:O3), and/or any
combination thereof. The mnterface layer 554 can be disposed by any suitable film deposition
technique such as ALD, CVD, sputtering, evaporation, and/or any combination thereof The
mnterface layer 554 can also be formed by oxidation, mitridation, and/or a combination
thereof.

In some embodiment, the ferroelectric memory cell 540 can further include a barrier
layer {(not shown in Fig. 5) between the control gate 333 and the ferroelectric film 552, The
barrier layer can be disposed on a sidewall of the channel hole 336 prior to disposing the
memory film 337 m Fig. 3. The barrier layer can be used to block the mteractions between
the ferroelectric film 552 and the control gate 333, The barrier layer can have a thickness ina
range between about S nm and about 50 nm. The barrier layer can include silicon oxide,
silicon nitride, sitlicon oxymtride, high-k dielectric matenals {e.g., HfO2, Al:Gs), and/or any
combination thereof.

In a 3D Fe-NAND memory, the channel layer 338 can be disposed on a sidewali of
the memory film 337 in the channel hole 336 (in Fig. 3}. The channel layer 338 can include
amorphous silicon, polycrystalling silicon, monocrystalline silicon, and/or any combination
thereof. The channel layer 338 can be disposed by any suitable thin film deposition technique
such as ALD, CVD, sputtering, etc.

Fig. 6 illustrates a schematic cross-section of a 3D Fe-NAND memory structure 600,

according to some embodiments of the present disclosure. The 3D Fe-NAND memory
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structure 600 includes a second ferroelectric memory cell 640 that s similar to the
ferroelectric memory cell 540 in Fig. 5, which also includes the control gate 333, the
ferroelectric film 552 and the channel layer 338. The 3D Fe-NAND memory structure 600
can also inchide the interface laver 554 and the barrier layer (not shown in Fig. 6). In some
embodiments, the second ferroelectric memory cell 640 further includes a bottom electrode
656 between the ferroelectric film 552 and the interface laver 554. In this example, the
control gate 333, the ferroelectric film 552, and the bottom electrode 636 forms a metal-
insulator-metal (MIM) capacitor 658 that is 1n series with a floating gate transistor (FG-
MOSFET) 660 where the bottom electrode 656 functions as a floating gate and the interface
layer 554 functions as a gate dielectric. The 3D Fe-NAND memory structure 600 is formed
based on similar polarization switching method as the 3D Fe-NAND memory structure 500
in Fig. 5 and has stmilar memory functions too. The voltage of the bottom electrode 656 15
determined by the number of bottom surface charges 562 of the ferrorelectric film 552, By
switching the polarization direction i the ferroelectric film 552, the number of bottom
surface charges 562 can be changed, and the voltage of the bottom electrode 656 can be
changed accordingly. Thus, the threshold voltage of the FG-MOSFET 660 can be changed.
The bottom electrode 656 in the second ferroelectric memory cell 640 provides similar
functions as a floating gate in a traditional NAND memory, except that the voltage of the
bottom electrode 656 in the second ferroelectric memory cell 640 1s controlled by the
polarization of the ferroelectric film S52. The other difference between the 3D Fe-NAND
memory structures 500 and 600 1s that the applied voltage on the control gate 333 1s divided
between the MIM capacitor 658 and the FG-MOSFET 660. As a result, relatively larger
voltage 1s necessary to switch the polarization of the ferroelectric film 552. To reduce writing
voltage, a thinner ferroelectric film 552 15 used in some embodiments. The MIM capacitor
658 can have larger capacitor from scaling the thickness dr of the ferroelectric film 552 such
that a larger portion of the applied voltage can be dropped across the MIM capacitor 658,
Fig. 7 illustrates a schematic circut diagram of a 3D Fe-NAND memory array 700,
according to some embodiments of the present disclosure. The 3D Fe-NAND memory array
700 1s similar to the 3D memory array 103 as described previously in Figs. 1-3, and also
includes a plurality of memory strings 212 {e.g., memory strings 212-1, 212-2, 212-3, ..},

each memory string 212 having a plurality of stacked memory cells (e.g., the ferroelectric
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memory cells 340 as shown in Figs. 5 and 7, or the second ferroelectric memory cells 640
shown in Fig. 6). For illustration purpose, the ferroelectric memory cells 540 will be used as
an example in the subsequent discussions for simplicity. However, the ferroelectric memory
cells 540 can be replace by the second ferroelectric memory cells 640 in the discussions
below.

{0083] In some embodiments, each memory string 212 also includes at least one field effect
transistor (e.g., MOSFET) at each end, which is controlled by the lower select gate (LSG)
332 and the top select gate (TSG) 334, respectively. And the two respective transistors are
referred to as lower and top select transistors 332-T and 334-T. The vertically stacked
ferroelectric memory cells 540 can be controlied by the control gates 333, where the control
gates 333 are connected to word lines of the 3D Fe-NAND memory array 700. Accordingly,
the control gates 333 are also referred to as word lines 333 (e.g., the word line 333-a, 333-b,
333-¢, etc.). The drain ternunal of the top select transistor 334-T can be connected to the bit
line 341 (e.g., the bit line 341-1, 341-2, 341-3, etc.), and the source terminal of the lower
select transistor 332-T can be connected to the doped source line region 344 (see Fig, 3),
from where an array common source (ACS) (e.g., 764-1, 764-2, 764-3, ..} can be formed. In
some embodiments, the array comunon source 764-1, 764-2, 764-3, ..., can be electrically
connected with each other and shared by the memory strings 212 in an entire memory block.
Thus, in some embodiments, the array common source 764 1s also referred to as the common
sowrce line. In this example, the TSG 334 and LSG 332 need to be addressed coordinately to
support reading, programing {i.e., writing) and mhibiting operations of a target memory cell
(e.g., the ferroelectric memory cell 540-b-2).

{0084} Referring to Figs. 5 and 7, m the 3D Fe-NAND memory array 700, read and write
operations can be performed in a memory page 764, which includes memory cells sharing the
same word line {e.g., word line 333-a shown in Fig. 7). In the 3D Fe-NAND memory array
700, each ferroelectric memory cell 540 can be programmed to a logic state of “0" or “1.7
Imtially, the ferroeleciric film 552 i all ferroelectric memory cells 540 can have zero
polarization and can be set or reset to logic state “17 or “0,” as previously discussed for the
ferroelectric memory cell 540 in Fig. 5. At the logic state of “1,” the ferroelectric memory
cell 540 can be set to the lower threshold voltage Vi 1, and the current flowing through the

ferroelectric memory cells 540 between the source terminal (connected to the array common
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source 764} and the drain terminal (connected to the bit lines 341) can be at a higher level for
a given bias on the word line. At the logic state of “0,” the ferroelectric memory cells 540 can
be reset to the higher threshold volitage Vi 1, (1.2, Vi 1> V1) and the current flowing
through the ferroelectric memory celis 540 between the source terminal and the drain
terminal can be at a lower level for a given bias on the word line. By measuring (i.e., reading)
the current that flows through the source and drain terminals of a selected memory cell, the
threshold voltage Ve nor V1 and thereby the logic state {or programmed data) of the
ferroelectric memory cell 540 can be determined accordingly. In some embodiments, the
higher and lower threshold voltages Vi nand Vi 1 can be in a range between about -3V to
about 3V,

[0085] For example, to read the data in the target memory cell 540-b-2 shown n Fig. 7,
which 1s connected with the word line 333-b and the bit line 341-2, the corresponding TSG
334-2 and the LSG 332-2 of a selected memory string 212-2 can be applied with a top select
gate voltage Vise and a lower select gate voltage Visg to switch on a corresponding top select
transistor 334-T and a lower select transistor 332-T. In this example, a current path through
the ferroelectric memory cell 540-b-2 can be established for the selected memory string 212-
2. The current flowing through the selected memory string 212-2 can be detected from the bit
line 341-2 and the array common source 764-2 that are electrically connected with the
selected memory string 212-2.

[6086] In order to read the storage data 1 the target memory cell {e.g., the ferroelectric
memory cell 340-b-2}, the TSG of unselected memory strings, for example TRG 334-1 of
memory string 212-1 i Fig. 7, can be applied with an off voltage (Vo) to switch off a
corresponding top select transistor {e.g., 334-T-1}. A current path between the unselected
memory string 212-1 and bit line 341-1 can thereby be disconnected. In this example, storage
data can be read from one memory cell 540 at a time.

{0087} In some embodiments, the TSGs 334 and L8Gs 332 of the unselected memory strings
212 can also be applied with the top select gate voltage Visg and the lower select gate voltage
Visg, respectively, to switch on the corresponding top select transistors 334-T and fower
select transistor 332-T, and to establish conductive paths between the bit lines 341 and the
unselected memory strings 212. In this example, data stored i the ferroelectric memory cells

540 in the same memory page {(e.g., 540-b-1, 540-b-2, 540-b-3, ...} can be measured
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simulitaneously at respective bit lings 341 by applying the reading voltage Vied at the shared
word line 333-b. In this example, storage data can be read simultaneously from all the
memory cells 540 in one memory page 764

{6088} To read the target memory cell 540-b-2 i the selected memory string 212-2, a
selected word line (&.g., word line 333-b) can be applied with the read voltage Viead, while
other word lines that are not selected (e.g., word hine 333-a and 333-c) can be applied with a
pass voltage Vpass. The pass voltage Vpass can be higher than the highest threshold voltage of
all the ferroelectric memory cells 540 such that all the other ferroelectric memory cells 540
on the selected memory string 212-2 can be fully switched on. The read voltage Vieas applied
on the selected word line 333-b can be adjusted for sensing (1.e., reading or measuring} the
threshold voltage of the target memory cell 540-b-2. In some embodiments, the read voltage
Viead can have a value in between the lower and higher threshold voltages Vi 1and Vi 1,
te, Vih L<Vrwend<Vm 1 For example, if Vo L =-2.5V and Va g = -1.5V, the read voltage Viead
can be in a range between about -2.5V and about -1.5V. As an example, the read voltage
Vread can be -2.0 'V and the pass voltage Viass can be 0 V. If the target memory cell 540-b-2 15
at the logic state of “17 having the lower threshold voltage Vi 1, the target memory cell 540-
b-2 can be switched on when applying the read voltage Vieada=-2.0 V on the word line 333-b.
Then, the top and lower select transistors 334-T-2 and 332-T-2, and all the memory cells 540
in the selected memory string 212-2 are switched on. Higher level of current flows between
the bit line 341-2 and the array common source 764-2 with a conductive path having a lower
resistance. If the target memory cell 540-b-2 15 at the logic state of “0” with the higher
threshold voltage Vi 1, the target memory cell 540-b-2 can be switched off when applying
the read voltage Viead = -2.0 V on the word line 333-b as used in the example above. Under
this operation condition, even though the top and lower select transistors 334-T-2 and 332-T-
2, and all the other memory cells 540 of the selected memory string 212-2 are switched on,
the target memory cell 540-b-2 is switched off. Lower level of current flows between the bit
line 341-2 and the array common source 764 with a conductive path having a higher
resistance. By measuring the current at bit line 341-2, the logic state of the target memory
cell 540-b-2 can be determined.

{0089} During the current measurement, a sensing voltage Vsensing can be applied to the bit

line 341-2, while the array common source 764-2 can be grounded (1.e., kept at OV). To
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avoid disturbing the polarization of the ferroelectric film 552 in the ferroeleciric memory cell
540, the read voltage Vieas and the pass voltage Vpuss should be less than the coercive voltage
V. For example, in some embodiments, if the coercive voltage Ve=3.0V, the read voltage
Viead and the pass voltage Vpass can range between about -3.0V and about 3.0V, The sensing
voltage Vensing applied to the bit line for sensing (or reading) the current can be low enough
without causing significant potential change in the channel layer 338. The resistance of the
target memory cell 540-b-2 can be extracted from the measured current and the sensing
voltage Viewing. In some embodiments, the sensing voltage Vsensing can be in a range between
about 0.1V to about 0.5V, As described above, the logic states of “0” and “1” of the target
memory cell 540-b-2, based on threshold voltages of Vi y and Vi 1, can be determined
accordingly.

Fig. 8 illustrates a wave form of a writing operation 800 for the 3D Fe-NAND
memory array 700 in Fig. 7, according to some embodiments of the present disclosure.
During the writing operation 800, the array common source 764 m Fig. 7 (e.g., 764-1, 764-2,
764-3, ...} can be disconnected from the respective memory string 212 (e g, 212-1, 212-2,
212-3, ...} by applying the off voltage Vorr on the LEG 332 to switch off the lower select
transistor 332-T. In some embodiments, the array common source 764 can also be biased at
the same voltage as the corresponding bit line 341

During the writing operation 800, the TSG 334 of the selected and unselected
memory strings 212 can all be applied with the top select gate voltage Visg to switch on the
corresponding top select transistors 334-T and establish a conductive path between the bit
line 341 and the corresponding memory string 212, In this example, the ferroelectric memory
cells 540-b-1, 540-b-2, 540-b-3, ..., in the same memory page 764 can be programmed {or
written) according to the voltage applied on the respective bit lines 341-1, 341-2, 341-3, ..

For example, to write the ferroelectric memory cell 540-b-1 in the memory string
212-1, unselected word lines {e.g., word line 333-a and 333-¢) can be applied with the pass
voltage Vpass such that all the unselected memory cells 540 on the memory string 212-1 can
be fully switched on. In this example, upper memory cells located between the ferroelectric
memory cell 540-b-1 and the bit line 341-1 are switched on when the pass voltage Vpass is
applied on each unselected word lines 333 {e.g., WL 333-a). A conductive path is therefore

established between the drain terminal of the ferroelectric memory cell 540-b-1 and the bit
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line 341-1. The drain terminal of the ferroelectric memory cell 540-b-1 can have the same
electric potential (or voltage) as the bit hine 341-1. The voltage difference between the
control gate 333-b and the drain terminal of the ferroelectric memory cell 540-b-1 can be the
same as the voltage difference between the word line 333-b and the bit line 341-1. Thus, by
controlling the voltage difference between the word line 333-b and the bit line 341-1, an
externally applied electrical field can be controlled across the ferroelectric film 552 (see Fig.
5} in the ferroelectric memory cell 540-b-1, which can be used to switch the polarization
direction of the ferroelectric film 552, i.e., to set or reset the logic states of “17 or “0” for the
ferroelectric memory cell 540-b-1.

{0093] As shown 1n Fig. 8, during a time period 801, the selected word line 333-b can be
applied with a set voltage Vser. In the meantime, the bit lines 341-1, 341-2, 341-3 can be
respectively biased at a reset voltage Viest, the set voltage Veer and the pass voltage Viass. The
voltage difference between the word line 333-b and bit line 341-1 18 Veer- Vieser. In some
embodiment, the set voliage Vet and the reset voltage Vieser can be selected such that the
difference between Ve and Vieset (1.6, Vser- Vieset) 15 larger than the coercive voltage Ve of the
ferroelectric memory cell 540 (1e., Veer-Vrieset>Ve). Under this condition, the ferroelectric film
352 of the ferroelectric memory cell 540-b-1 can be positively polarized and the ferroelectric
memory cell 540-b-1 can be set to the lower threshold voltage Vi 1 and programmed to logic
state of “1.” In some embodiments, the set voltage Ve and the reset voltage Vieset can have a
magnitude being half of the programmung voltage Vy, 1.e., Vier= +Vp/2 and Viese= -Vp/2. For
example, 1f Vp=4.0V, and V=3.0V, then the set voltage Vse=2.0V and the reset voltage
Vieser= -2.0V, and Vier Viesee = 4.0V = V. In some embodiments, the set and reset voltages
can be voltage pulses with durations in a range between 10ns to 100us. In some
embodiments, the set and reset voltages have magnitudes in a range between about 1.5V to
about 5V. Under thuis condition, the ferroelectric memory cell 540-b-1 can be programmed to
logic state of “1.7

[0094] In the meantime, the word line 333-b and the bit line 341-2 can be both biased at the
set voltage Ve and the voitage difference between the word line 333-b and the bit line 341-2
18 zero. Thus, the polarization direction of the ferroelectric film 552 in the ferroelectric
memory cell 540-b-2 cannot be switched and the ferroelectric memory cell 540-b-2 s not

programmed or written under this condition, 1.¢., i1s inhibited from being programmed.
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Simalarly, the voltage difference between the word line 333-b and the bit-line 341-3 can be
Ve~ Vpass. In some embodiment, the set voltage Ve and the pass Vpass can be selected such
that the voltage difference between the set voltage Viser and the pass Vpass (1.€., Vie-Vpass) can
be smaller than the coercive voltage Ve, and larger than the reversed coercive voltage -V,
ie, ~Vo< Veer-Vpass < Vo For example, in the example above, if Viass=0, then Vier-Vpass
=+Vp/2=2.0V, while £V =+3.0V. Under this condition, the polarization direction of the
ferroelectric film 552 in the ferroelectric memory cell 540-b-3 cannot be switched and the
logic states remain as the same as previous ones. The ferroelectric memory cell 540-b-3 15
not programmed or written, 1.€., is inhibited from being programmed.

Sinularly, the ferroelectric memory cells 540 controlled by the unselected word lines
333 cannot be programmed or written {1.e., are inhibited) because the voltage difference
between the corresponding word line and bit line 15 less than the coercive voltage Ve and
larger than the reversed coercive voltage —Ve. For example, the voltage difference between
the word line 333-a and the bit lines 341-1, 341-2 and 341-3 are Vpass- Vieser, Vpass-Vset and
zero, respectively. In the example above, Vipass-Vieset=2.0V, Viass-Vser= -2.0V, all smaller than
the coercive voltage (e.g., Ve=3.0V) and larger than the reversed coercive voltage (e.g., -Ve=
-3.0V). Thus, these ferroelectric memory cells 540 on the unselected word lines 333 are not
disturbed and not programmed.

By applying a different voltage on the selected word line, a different memory cell in
the same memory page can be programmed. In Fig. 8, the writing operation 800 also includes
a time pertod 802, where the voltage on the selected word line 333-b 1s changed to the reset
voltage Vieser and the voltages of the but lines 341-1, 341-2 ad 341-3, and unselected word
Iines 333-3, 333-b, ... are not changed. Under this condition, the voltage difference between
the selected word line 333-b and the bit-lines 341-1, 341-2 and 341-3 are now zero, Vieset- Ve
and Vieser-Vpass, respectively. In some embodiment, the reset voltage Vieser and the pass Vpass
can be selected such that the voltage difference Vieser-Vipass is larger than the reversed
coercive voltage -V and smaller than the coercive voltage Ve, e, ~VeVieset- Vpass<Ve. In the
example discussed previously when £V =43 0V, Vieser= 2.0V and Vpass=0V, the voltage
different of Vieset -Vpass = -2.0V, in between £V¢. Under this condition, the polarization
direction of the ferroelectric films 552 i the ferroelectric memory cells 540-b-1 and 540-b-3

cannot be switched and the logic states remain as the same as previous ones. The ferroelectric
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memory cells 540-b-1 and 540-b-3 are not programmed or written {i.e, 1s inhibited}.
Meanwhile, the voltage difference of Vieser-Vset can be smaller than the negative coercive
voltage ~Ve, 1€, Vieset-Vaer-Ve or the voliage difference is negative and has a magnitude
larger than the coercive voltage Ve, 1.e., | Ve Viese> Ve In the example discussed previgusly,
the voltage difference of Vieser-Veet= -4.0V <=V, of [Vier- Viese|=4.0V> Ve In the other
words, the voltage difference between the word line 333-b and the bit line 341-1 13 negative
with a magnitude large enough to create a reverse electric field stronger than the reversed
coercive electric field. Therefore, the polarization direction in the ferroelectric film 552 of
the ferroelectric memory cell 540-b-1 1s switched from positive to negative and the threshold
voltage of the FeFET 540-b-1 is changed from the lower threshold voltage Vi 1 to the higher
threshold voltage Vi u. The ferroelectric memory cell 540-b-1 is thus programmed to logic
state of “0.”

[0097] As discussed previously, the ferroelectric memory cells 540 on the unselected word
lines 333-a, 333-¢, ..., are not disturbed or programmed because the voltage difference
between the corresponding word line and bit line 1s in between the coercive voltage Ve and
the reversed coercive voltage -V, 1.e., the magoitude is not large enough to switch the
polarization direction in the ferroelectric film.

[0698] As shown 1o the writing operation 800, by designing a suitable wave form, the
ferroelectric memory cells 540 on the same selected word hine can be programmed to the
logic state of “07 or “1,” without changing the applied voltages on the bit hine. The memory
cells on the unselected word hine can be inhibited from programming and remain at previous
logic state.

{0699] Fig. 9 illustrates 3 wave form of a writing operation 900 for the 3D Fe-NAND
memory array 700 in Fig. 7, according to some embodiments of the present disclosure. The
writing operation 900 1s similar to the writing operation 800. The difference 1s that the bit
line 341-1 15 only biased at the reset voltage Viweser during a time pertod 901, and 15 biased at
the pass voltage Viass for the other time period of the writing operations 900, Simularly, the
bit line 341-2 is only biased at the set voltage Ve during a time period 902, and 1s biased at
the pass voltage Vpass for the other time period of the writing operations 900. Therefore, the
writing operation 900 effectively programs the ferroelectric memory cell 340-b-1 to logic

state of “1” during the time period 901 and programs the ferroelectric memory cell 540-b-2
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to logic state of “0” during the time period 902, based on the same applied voltages and same
method as discussed previously for writing operation 800. Same as the condition in the
writing operation 800, the ferroelectric memory cell 540-b-3 1s aiso inhibited from
programming and remains at its logic state.

{0100} During the time period 901, both the bit lines 341-2 and 341-3 are biased at the pass
voltage Vpass. The ferroelectric memory cell 540-b-2 and 540-b-3 are mhibited from
programming, as discussed previously for the writing operation 800, Similarly, during the
time period 902, both the bit lines 341-1 and 341-3 are biased at the pass voltage Vpass. For
the same reason, the ferroelectric memory cell 540-b-1 and 540-b-3 are inhibited from
programming,

{0101} Fig. 10 illustrates a wave form of a writing operation 1000 for the 3D Fe-NAND
memory array 700 in Fig. 7, according to some embodiments of the present disclosure. The
writing operation 1000 is sinular to the writing operations 800 and 900, The difference is that
the bit line 341-1 15 biased at the reset voltage Vieser during a time period 1001 and a time
periad 1002, and the bit line 341-2 15 biased at the set voltage Ve during both the time
periods 1001 and 1002, As for the bit line 341-3, 1t 1s biased with the set voltage Vet during
the time period 1001 and biased with a reset voltage Vieser at the time period 1002, During
other time period of the writing operations 900, the bit lines 341 are biased at the pass
voltage Vpass.

[{0102] The writing operation 1000 effectively programs the ferroelectric memory cell 540-b-
1 1o logic state of “17 during the time period 1001 and programs the ferroelectric memory
cell 540-b-2 to logic state of “0” during the time period 1002, based on the same applied
voltages and same method as discussed previously for writing operations 800 and 900.
During the time pertod 1001 when the ferroelectric memory cells 540-b-1 1s programmed to
the logic state of “1,” the voltage difference between the selected word line 333-b and the bit
lines 341-2 and 341-3 remain zero. Similarly, during the time period 1002 when the
ferroelectric memory cells 540-b-2 is programmed to the logic state of “0,” the voltage
difference between the selected word line 333-b and the bit line 341-1 and 341-3 also
remains zero. In the other words, the inhibited memory cells are biased with the same voltage
as the selected word line during programming, which can keep the voliage difference

between the word line and bit line at zero and reduce the possibility of switching the
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polarization or logic state of these inhibited memory cells during programming of other
memory cells on the same word line.

{0103} In the present disclosure, methods of writing a 3D Fe-NAND memory are disclosed.
by applying the set voltage and reset voltage on the respective selected word line and
selected bit line, and generating a voltage difference between the control gate and the drain
terminal of the target memory cell with a magnitude larger than the coercive voliage of the
ferroelectric film 1in the target memory cell, the logic state of the target memory cell can be
switched from “07 to “17” or vice versa without the risk of disturbing the unselected or
inhibited ferroelectric memory cells. In some embodiments, the set voltage and reset voltage
can have opposite signs (1.e., positive versus negative), and have magnitudes being half of the
programming vohtage. Accordingly, electric stress from a single large voltage pulse applied
on the ferroelectric memory cell can be avoided. In addition, by applying the same voltage on
the word line and bit line for unselected or inhubited memory cells, the reduction of the
electric stress can be optimized. In addition, the reading and writing methods presented in
this disclosure enable quick reading and writing with a hugh throughput, 1.e., memory page by
memory page. Furthermore, the ferroelectric memory cells can be sensed and programmed at
bit-level. High voltage erasing for traditional 3D NAND memory s elinunated.

[0104] In summary, the present disclosure provides a reading method of a three-dimensional
ferroelectric memory device. The reading method mcludes applying a read voltage ona
selected word hine of a target memory cell. The target memory cell has two logic states
corresponding to a higher threshold voltage and a lower threshold voltage that are determined
by two opposite electric polanzation directions of a ferroelectric film in the target memory
cell. The read voltage 1s smaller than the higher threshold voltage and 1s larger than the lower
threshold voltage. The reading method further includes measuring an electric current that
flows through the target memory cell.

{0105} The present disclosure also provides a programming method of a three-dimensional
ferroelectric memory device. The programming method inchides applying a first voltage on a
selected word line of a target memory cell. The target memory cell includes a first logic state
and a second logic state corresponding to a first threshold voltage and a second threshold
voltage, respectively. The first and second threshold voltages are determined by two opposite

electric polarization directions of a ferroelectric film in the target memory cell. The
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{0106}

[0107]

[0108]

programming method also includes applying a second voltage on a selected bit line that is
connected to a drain terminal of the target memory cell. A voltage difference between the
first and second voltages has a magnitude larger than a coercive voltage of the ferroelectric
film to switch the target memory cell from the first logic state to the second logic state.

The present disclosure further provides a three-dimensional ferroelectric memory
device. The memory cell of the three-dimensional ferroelectric memory device comprises a
ferroelectric film. The memory cell comprises a first logic state and a second logic state
corresponding to a first threshold voltage and a second threshold voltage, respectively. The
first and second threshold voltages can be determined by two opposite electric polarization
directions of the ferroelectric film. The memory cell 1s configured to be programmed by
applying a first voltage on a selected word line and applying a second voltage on a selected
bit line, wherein a voltage difference between the first voltage and the second voltage
comprises a magnitude larger than a coercive voltage of the ferroelectric film to switch the
memory cell from the first logic state to the second logic state.

The foregoing description of the specific emmbodiments will so fully reveal the general
nature of the present disclosure that others can, by applying knowledge within the skill of the
art, readily modify and/or adapt, for various applications, such specific embodiments,
without undue experimentation, and without departing from the general concept of the
present disclosure. Therefore, such adaptations and modifications are imtended to be within
the meaning and range of equivalents of the disclosed embodiments, based on the disclosure
and guidance presented heren. It 15 to be understood that the phraseology or terminology
herein 1s for the purpose of description and not of Tunutation, such that the terminology or
phraseology of the present specification 1s to be mterpreted by the skilled artisan in hight of
the disclosure and guidance.

Embodiments of the present disclosure have been described above with the aid of
functional building blocks illustrating the implementation of specified functions and
relationships thereof. The boundaries of these functional building blocks have been
arbitrarily defined herein for the convenience of the description. Alternate boundaries can be
defined so long as the specified functions and relationships thereof are appropriately

performed.
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{0109} The Summary and Abstract sections can set forth one or more but not all exemplary
embodiments of the present disclosure as contemplated by the mventor(s), and thus, are not
intended to hmit the present disclosure and the appended claims in any way.

{0110] The breadth and scope of the present disclosure should not be himited by any of the
above-described exemplary embodiments, but should be defined only in accordance with the

following claims and their equuvalents.
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WHAT IS CLAIMED IS:
1. A reading method of a three-dimensional ferroelectric memory device, comprising:
applying a read voliage on a selected word line of a target memory cell, wherem:
the target memory cell comprises two logic states corresponding to a higher
threshold voltage and a lower threshold voltage that are determined by two opposite
electric polarization directions of a ferroelectric film n the target memory cell; and
the read voltage 15 smaller than the higher threshold voltage and is larger than
the lower threshold voltage; and

measuring an electric current that flows through the target memory cell.

2. The reading method of claim 1, further comprising:
electrically connecting a selected memory string to a bit ine and o an array common
source, wherein the selected memory string comprises a first plurality of stacked memory
cells that comprise the target memory cell; and

measuring the electric current at the bit line.

3. The reading method of claim 1, further comprising:

applying a pass voltage on an unselected word line.

4. The reading method of claim 3, wherein the applying the pass voltage on the unselected word
line comprises applying the pass voltage with a magnitude larger than the higher threshold

voltage to switch on all memory cells on the unselected word line.

5. The reading method of claim 4, wherein the applying the pass voltage comprises applying the
pass voltage with the magnitude smaller than a coercive voltage of the ferroelectric film such
that the electric polarization direction 1s not switched.

6. A programming method of a three-dimensional ferroglectric memory device, comprising:

applying a first voltage on a selected word line of a target memory cell, wherein
the target memory cell comprises a first logic state and a second logic state

corresponding to a first threshold voltage and a second threshold voltage,

respectively, the first and second threshold voltages determined by two opposite

electric polarization directions of a ferroelectric film n the target memory cell; and
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applying a second voltage on a selected bit hine connected to a drain terminal of the
target memory cell, wherein
a voltage difference between the first voltage and the second voltage
comprises a first magnitude larger than a coercive voltage of the ferroelectric film to

switch the target memory cell from the first logic state to the second logic state.

The programming method of claim 6, wherein switching the target memory cell from the first
logic state to the second logic state comprises switching the electric polarization direction to

an opposite direction.

The programming method of claim 6, wherein applying the first voltage and the second

voltage comprises applying voltages with opposite signs and same magnitudes.

The programming method of claim 8, wherein applying the first voltage comprises applying
a positive voltage, and wherein applying the second voltage comprises applying a negative

voltage.

The programming method of claim 9, wherein switching the target memory cell from the first
logic state to the second logic state comprises switching the target memory cell from the first
threshold voltage to the second threshold voltage, the first threshold voltage 1s higher than

the second threshold voltage.

The programming method of claim &, wherein applying the first voltage comprises applying
a negative voltage, and wherein applying the second voltage comprises applying a positive

voltage.

The programming method of claim 11, wherein switching the target memory cell from the
first logic state to the second logic state comprises switching the target memory cell from the
first threshold voltage to the second threshold voltage, the first threshold voltage is lower

than the second threshold voltage.
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13. The programming method of claim 6, further comprising:
applying a pass voltage on an unselected word line, wherein the pass voltage is higher
than the first and second threshold voltages and has a second magnitude smaller than the
coercive voliage of the ferroelectric film.
14. The programming method of claim 13, further comprising:
applying the pass voltage on an unselected bit hine, wherein
a second voltage difference between the first voltage and the pass voltage
comprises a third magnitude smaller than the coercive voltage of the ferroelectric
film; and
an unselected memory cell 13 inhibited to switch between the first and second
logic states.
15. The programming method of claim 6, further comprising;
applying the first voltage on an unselected bit line such that an unselected memory
cell 1s inhibited to switch between the first and second logic states.
16. The programming method of claim 6, wherein the applying the first and second voltages
comprises applying voltage pulses with durations in a range between 10ns to 100us.
17. The programming method of claim 6, wherein the applying the first and second voltages
comprises applying voltages with magnitudes in a range between about 1.5V to about 5V,
18, The programming method of claim 6, further comprising:
switching on a lower select transistor that s connected to a source termuinal of the
target memory cell and an array common source; and
applying the second voltage on the array common source.
19. The programming method of claim 6, further comprising:

switching off a lower select transistor that 1s connected to a source terminal of the

target memory cell.
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20. The programming method of claim 6, further comprising:
switching on a top select transistor that is connected to the drain terminal of the target

memory cell and the selected bit line.

21. A three-dimensional ferroelectric memory device, comprising:

a memory cell comprising a ferroelectric film, wherein

the memory cell comprises a first logic state and a second logic state
corresponding to a first threshold voltage and a second threshold voltage,
respectively, the first and second threshold voltages determined by two opposite
electric polarization directions of the ferroelectric film; and

the memory cell is configured to be programmed by applying a first voltage
on a selected word line and applving a second voltage on a selected bit line, wherein a
voltage difference between the first voltage and the second voltage comprises a
magnitude larger than a coercive voltage of the ferroelectric film to switch the

memory cell from the first logic state to the second logic state.

22, The three-dimensional ferroelectric memory device of claim 21, wherein
the first voltage comprises a positive voltage;
the second voltage comprises a negative voltage; and

the first threshold voltage is higher than the second threshold voltage.

23. The three-dimensional ferroelectric memory device of claim 21, wherein
the first voltage comprises a negative voltage;
the second voltage comprises a positive voltage; and

the first threshold voltage is lower than the second threshold voltage.

24, The three-dimensional ferroelectric memory device of claim 21, further comprising;
a film stack of alternating conductive and dielectric layers; and
a plurality of memory strings extending vertically through the film stack, wherein the

plurality of memory strings each comprises one or more of the memory cell.

25, The three-dimensional ferroelectric memory device of claim 24, wherein the memory cell

further comprises a core filling film surrounded by a channel layer and the ferroelectric film.
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The three-dimensional ferroelectric memory device of claim 25, wherein the memory cell

further comprises an interface layer between the ferroelectric film and the channel layer.

The three-dimensional ferroelectric memory device of claim 25, wherein the memory cell

further comprises a bottom electrode between the ferroelectric film and the channel layer.

The three-dimensional ferroelectric memory device of claim 25, wherein the memory cell 15
at a lugher threshold voltage when the ferroelectric film comprises an electric polarization

with a direction pointing from the channel layer to the conductive layer.

The three-dimensional ferroelectric memory device of claim 28, wherein the memory cell 1s

at a logic state of .

The three-dimensional ferroelectric memory device of claim 25, wherein the memory cell 1s
at a lower threshold voltage when the ferroelectric film comprises an electric polarization

with a direction pointing from the conductive layer to the channel layer.

The three-dimensional ferroelectric memory device of claim 30, wherein the memory cell 15

at a logic state of 1.

The three-dimensional ferroelectric memory device of claim 21, wherein the ferroelectric

film comprises a thickness between 5 nm and 100 nm.

The three~-dimensional ferroelectric memory device of claim 21, wherein the ferroelectric

film comprises a high-k dielectric matenal.

The three-dimensional ferroelectric memory device of claim 33, wherein the high-k dielectric
material comprises hafnium oxide (HfOn), alumunum oxade (AlO3), Zircomum oxide (Zr0:2),
titanium oxide (TiOn), mobium oxide (Nb20s), tantalum oxide (Ta20s), tungsten oxide

{W0s), molybdenum oxide (MOs3), vanadium oxide (V203), lanthanum oxide (La2(3), and/or

any combination thereof
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