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(57) ABSTRACT

Disclosed are energy efficient ferroelectric devices and
methods for making such devices. For example, a ferroelec-
tric device may be a ferroelectric tunneling junction device
that includes a graphene layer on a substrate. A tunneling
layer may be disposed on a portion of the graphene layer.
The tunneling layer may be a ferroelectric material. A metal
electrical contact layer may be disposed over the tunneling
layer and the graphene layer. Additionally, some embodi-
ments may have an additional monolayer disposed between
the tunneling layer and graphene layer. By specific engi-
neering of such layers, tunneling electroresistance perfor-
mance may be substantially improved.
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FERROELECTRIC TUNNELING JUNCTION DEVICE
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ENERGY EFFICIENT FERROELECTRIC
DEVICE AND METHOD FOR MAKING THE
SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of priority to
U.S. Provisional Patent Application Ser. No. 63/366,624,
filed Jun. 17, 2022, the entirety of which is incorporated
herein by reference in full.

BACKGROUND

[0002] Ferroelectric tunneling junction (FTJ) devices, a
class of two-terminal devices consisting of a thin ferroelec-
tric layer sandwiched between two electrodes, can exhibit
large tunneling electroresistance (TER) effect, thereby
promising in the next-generation energy-efficient nonvola-
tile memories. In FTJ devices, a thin ferroelectric layer
serves as the electronic quantum tunneling layer and the
electrical tunneling conductance can be modulated through
the ferroelectric polarization reversal, which is the origin of
the tunneling electroresistance. FTJ devices have attracted
great interest due to their potential applications in non-
volatile memories and neurosynaptic computing.

[0003] Traditionally, FTJ devices are mainly constructed
based on three-dimensional (3D) ferroelectric materials,
particularly the perovskite structure (ABO3) family has been
most extensively studied. However, the depolarization field
in conventional 3D ferroelectric materials impose a critical
thickness, where the ferroelectric would fail if being scaled
thinner, preventing the downscaling of switching voltages
FT1J devices for low power operation. Also, the unavoidable
interfacial states in conventional 3D materials stacks com-
promises the tunneling electroresistance, setting roadblocks
for the realization of very high tunneling electroresistance
(typically for a perovskite oxide FTJ, the maximum tunnel-
ing electroresistance was reported to be about 10).

[0004] Recently, the emergent two-dimensional (2D) fer-
roelectric materials without surface dangling bonds show
promise in breaking through the limitations of critical thick-
ness in conventional 3D FTJ devices, enabling ultra-thin
non-volatile memories and neurosynaptic computing micro-
nano devices. To date, FTJ devices based on 2D ferroelectric
materials (e.g., CulnP,S; (CIPS), SnSe, etc.) have been
demonstrated. Some of them exhibit high tunneling elec-
troresistance ratios up to 107, even remaining above 10° after
5,000 cycles of writing/reading operations, showcasing the
great potential for high endurance memory and computing
applications. Though many efforts have been devoted to this
direction, challenges remain regarding device tunability and
further enhancement of giant tunneling electroresistance.

SUMMARY

[0005] The present disclosure provides systems and meth-
ods for implementing efficient ferroelectric tunneling junc-
tion devices, including various layers, thicknesses, materi-
als, and configurations of the same for providing improved
TER.

[0006] In one embodiment, a ferroelectric device may
comprise a substrate; a first two dimensional (2D) ferroelec-
tric layer disposed on the substrate, the first 2D layer
comprising a first 2D ferroelectric material and being 2 to 4
monolayers in thickness; a second 2D ferroelectric layer
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selectively disposed over a portion of the first 2D layer, the
second 2D layer comprising a second 2D ferroelectric
material and being at least two monolayers; and a first
metallic electrical contact layer disposed on the first 2D
ferroelectric layer and a second metallic electrical contact
layer disposed on the second 2D layer such that the second
2D ferroelectric layer is between the second metallic elec-
trical contact layer and the graphene layer.

[0007] In related embodiments, the first and second 2D
layers may have other thicknesses.

[0008] Relatedly, a ferroelectric device may be provided
wherein the first 2D ferroelectric material is graphene.
[0009] In other embodiments, the ferroelectric device may
have the second 2D ferroelectric layer comprising a tunnel-
ing layer. And, a monolayer may be provided between the
first 2D layer and the tunneling layer. Further, the ferroelec-
tric device may be provided, wherein the tunneling layer is
between a metal layer and the monolayer. In some imple-
mentations, the ferroelectric device may be provided,
wherein the monolayer is in direct contact with the graphene
layer and the tunneling layer. In some embodiments, the
ferroelectric device may be provided, wherein the mono-
layer is a transition metal dichalcogenide. In some embodi-
ments, the ferroelectric device may be provided, wherein the
monolayer is molybdenum disulfide (MoS,). And, in some
embodiments, the ferroelectric device may be provided,
wherein the monolayer is tungsten diselenide (WSe,).
[0010] In some embodiments, a ferroelectric device may
be provided, wherein the first 2D ferroelectric layer is a
graphene layer having a thickness of a single carbon atom.
[0011] In other embodiments, the ferroelectric device may
be provided, wherein a tunneling electroresistance (TER) of
the ferroelectric device is greater than approximately 1010.
[0012] Inother embodiments, the ferroelectric device may
be provided, wherein the second 2D ferroelectric material
has a perovskite structure.

[0013] Inother embodiments, the ferroelectric device may
be provided, wherein the second 2D ferroelectric material is
CulnP2S6 (CIPS).

[0014] Inyet further embodiments, the ferroelectric device
may be provided, wherein the second 2D ferroelectric mate-
rial is SnSe.

[0015] In additional embodiments, the ferroelectric device
may be provided, wherein the substrate has a thickness of
approximately 260-nm.

[0016] In other embodiments, the ferroelectric device may
be provided, wherein the substrate comprises a semiconduc-
tor layer and a dielectric layer, the dielectric layer is between
the first 2D ferroelectric layer and the semiconductor layer.
Optionally, such a ferroelectric device may have a semicon-
ductor layer doped with a dopant. In some embodiments, the
dopant is a P-type dopant.

[0017] Inother embodiments, the ferroelectric device may
be provided, wherein the second metallic electrical contact
layer comprises a lower metal layer and an upper metal
layer, the upper metal layer being thicker that the lower
metal layer. Optionally, the upper metal layer and lower
metal layer are different materials, and a portion of the lower
metal layer is in direct contact with the tunneling layer.
[0018] Inanother aspect, a device is provided, comprising:
a top layer which may be metal or metallic; a tunnelling
layer, which may comprise 2D materials including CIPS or
In2Se3; a bottom layer, which may comprise 2D electron
material including graphene and/or transition metal dichal-
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cogenides (TMDs); and a monolayer disposed between the
tunnelling layer and the bottom layer, which may comprise
MoS2, WSE2 or oxide materials. In some embodiments, the
monolayer may be optional.

[0019] In further aspects, methods are provided for manu-
facturing devices such as described above. In one example,
such a method may include depositing a first 2D ferroelec-
tric layer on a substrate; depositing a second 2D ferroelectric
layer above a portion of the first 2D ferroelectric layer;
depositing a conductive layer over at least a portion of the
second 2D ferroelectric layer and at least a portion of the
first 2D ferroelectric layer. In some embodiments, the first
2D ferroelectric layer may comprise graphene, and option-
ally a predetermined number of monolayers of graphene. In
some embodiments the layers may be 2-4. In further
embodiments, the second 2D ferroelectric layer may com-
prise CIPS, optionally a predetermined number of mono-
layers of CIPS. In some embodiments there may be at least
two monolayers. In further embodiments, a third layer may
be selectively deposited between the first and second 2D
ferroelectric layers (e.g., covering only a portion of the first
2D ferroelectric layer, and existing beneath some or all of
the second 2D ferroelectric layer). The third layer may
comprise MoS2, WSE2 or other materials as described
herein. In some embodiments, portions of the first 2D
ferroelectric layer may be selectively removed from the
substrate before subsequent layers are deposited.

BRIEF DESCRIPTION OF THE FIGURES

[0020] The accompanying drawings, which are incorpo-
rated in and form a part of this specification, illustrate
examples of the disclosure and, together with the descrip-
tion, explain principles of the examples.

[0021] The invention will provide details in the following
description of preferred embodiments with reference to the
following Figures wherein:

[0022] FIG. 1A is a cross-sectional view of a ferroelectric
tunneling junction device.

[0023] FIG. 1B is a cross-sectional view of a ferroelectric
tunneling junction device.

[0024] FIG. 1C is a cross-sectional view of a ferroelectric
tunneling junction device.

[0025] FIG. 1D is a schematic illustration of an example
of one of several fabrication processes of a ferroelectric
tunneling junction device.

[0026] FIG. 2A shows a representative structure of a
device in accordance with an embodiment of the present
disclosure.

[0027] FIG. 2B shows an optical image of a fabricated
ferroelectric tunneling junction.

[0028] FIG. 3 illustrates a Raman spectrum of a CIPS thin
film at room temperature.

[0029] FIG. 4A and FIG. 4B illustrate current-voltage
characteristics for states of an embodiment.

[0030] FIG. 4C and FIG. 4D show state diagrams of a
ferroelectric tunneling junction.

[0031] FIG. 5 illustrates repetitive characterizations of a
ferroelectric tunneling junction device.

[0032] FIG. 6A depicts current-voltage characteristics of
an example ferroelectric tunneling junction device.

[0033] FIG. 6B depicts a graph of on-state current versus
gap voltage.
[0034] FIG.7A and FIG. 7B illustrate device structure and

states according to an embodiment.
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[0035] FIG. 7C is an optical image of a heterostructure
according to an embodiment hereof.

[0036] FIG. 7D and FIG. 7E are band diagrams for on and
off states of a ferroelectric tunneling junction device.
[0037] FIG. 7F is a graph of Raman shift for an embodi-
ment of the present disclosure.

[0038] FIG. 8A illustrates a device structure according to
an embodiment hereof.

[0039] FIG. 8B is an optical image according to an
embodiment hereof, such as that of FIG. 8A.

[0040] FIG. 8C is a graph of current vs. voltage for an
embodiment hereof, such as that of FIG. 8A.

[0041] FIG. 8D illustrates a device structure according to
an embodiment hereof.

[0042] FIG. 8E is an optical image according to an
embodiment hereof, such as that of FIG. 8D.

[0043] FIG. 8F is a graph of current vs. voltage for an
embodiment hereof, such as that of FIG. 8D.

[0044] FIG. 9Ais a schematic of a device structure accord-
ing to an embodiment disclosed herein.

[0045] FIG. 9B is an optical image of CrCG and CrCMG
tunnel junctions for the embodiment of FIG. 9A.

[0046] FIG. 9C is a Raman spectrum graph relating to the
device shown in FIG. 9A.

[0047] FIG. 9D is a graph showing current-voltage char-
acteristics relating to the device of FIG. 9A.

[0048] FIG. 9E shows a band diagram for tunnel junctions
in an on state.

[0049] FIG. 9F is a band diagram for a tunnel junction in
off state.

[0050] FIG. 10A is an optical image of an example
CrCWG tunneling device.

[0051] FIG. 10B is a graph showing Raman and photolu-
minescence (PL) spectra relating to the device of FIG. 10A.
[0052] FIG. 10C is a graph showing current-voltage char-
acteristics of the CrCG tunneling device of FIG. 10A.
[0053] FIG. 10D shows current-voltage characteristics of
the CrCWG tunneling device of FIG. 10A.

[0054] FIG. 11A is an optical image of a CrCWG tunnel-
ing device in accordance with an embodiment hereof.
[0055] FIG. 11B is graph of Raman and photolumines-
cence (PL) spectra.

[0056] FIG. 11C is a graph showing current-voltage char-
acteristics of the CrCG tunneling device of FIG. 11A.
[0057] FIG. 11D is a graph showing current-voltage char-
acteristics of the CrCWG tunneling device of FIG. 11A.
[0058] FIG. 12 is a chart showing transition metal dichal-
cogenides that are semiconducting.

[0059] These and other features and advantages will
become apparent from the following detailed description of
illustrative embodiments thereof, which is to be read in
connection with the accompanying drawings.

[0060] Additional advantages of the invention will be set
forth in part in the description which follows, and in part will
be obvious from the description, or can be learned by
practice of the invention.

DETAILED DESCRIPTION

[0061] The present invention can be understood more
readily by reference to the following detailed description of
the invention and the examples included therein.

[0062] Embodiments of the disclosure are described in
detail below with reference to the accompanying figures.
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Unless otherwise indicated, like parts and method steps are
referred to with like reference numerals.

[0063] The following disclosure provides many different
embodiments, or examples, for implementing different fea-
tures of the provided subject matter. Specific examples of
components and arrangements are described below to sim-
plify the present disclosure. These are, of course, merely
examples and are not intended to be limiting. For example,
the formation of a first feature over or on a second feature
in the description that follows may include embodiments in
which the first and second features are formed in direct
contact, and may also include embodiments in which addi-
tional features may be formed between the first and second
features, such that the first and second features may not be
in direct contact. In addition, the present disclosure may
repeat reference numerals and/or letters in the various
examples. This repetition is for the purpose of simplicity and
clarity and does not in itself dictate a relationship between
the various embodiments and/or configurations discussed.
[0064] Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper” and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as illustrated in the Figures. The spatially relative terms are
intended to encompass different orientations of the device in
use or operation in addition to the orientation depicted in the
Figures. The apparatus may be otherwise oriented (rotated
90 degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

[0065] Throughout the application, use of ordinal numbers
(e.g., first, second, third, etc.) is not intended to imply or
create any particular ordering for any of the elements. Nor
does the use of ordinal numbers limit any element to being
only a single element, unless expressly disclosed.

[0066] Aspects of the present disclosure are best under-
stood from the following detailed description when read
with the accompanying Figures. It is noted that the dimen-
sions of the various features within the accompanying
Figures are not drawn to scale unless otherwise stated
herein.

[0067] Unless explicitly stated otherwise, each element
having the same reference numeral is presumed to have the
same material composition and to have a thickness within a
same thickness range.

[0068] Before the present compounds, compositions,
articles, systems, devices, and/or methods are disclosed and
described, it is to be understood that they are not limited to
specific synthetic methods unless otherwise specified, or to
particular reagents unless otherwise specified, as such may,
of course, vary. It is also to be understood that the termi-
nology used herein is for the purpose of describing particular
aspects only and is not intended to be limiting. Although any
methods and materials similar or equivalent to those
described herein can be used in the practice or testing of the
present invention, example methods and materials are now
described.

[0069] Disclosed herein is a ferroelectric tunneling junc-
tion (FTJ) device that is based on the mechanically exfoli-
ated 2D ferroelectric material CIPS on the standard SiO,/Si
substrate, and more than seven orders of TER ratio between
low- and high-resistance states are realized. Furthermore,
what is demonstrated is that the on-state tunneling current
can be effectively tuned by simply applying gate voltages
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and the magnitude of the current increased monotonically as
the voltage increased. Specifically, when applying a 50 V
gate voltage, the on-state tunneling current can be doubled.
The realization of giant TER with gate-tunable ON state
current may open practical avenues for additional function-
ality and configurability in next-generation non-volatile
memories and analog electronics.

[0070] FIG. 1A is a cross-sectional view of ferroelectric
tunneling junction device 1A. FIG. 1B is a cross-sectional
view of ferroelectric tunneling junction device 1B. FIG. 1C
is a cross-sectional view of the FTJ device 1B in FIG. 1B.
Details pertaining to the structural parts in FIG. 1B that are
identified by the reference numerals in FIG. 1B are equally
applicable to the similarly numbered structural parts in FIG.
1A. Ferroelectric tunneling junction devices 1A and 1B are
collectively described herein as ferroelectric tunneling junc-
tion (FTJ) device 1.

[0071] The FTJ device 1 includes a substrate 11. Also in
FIGS. 1A 1B, a graphene layer 12 is on the substrate 11. A
tunneling layer 13 is on the graphene layer 12 in FIGS. 1A
and 1B. A patterned metal layer 14 is shown in FIGS. 1A and
1B.

[0072] FIG. 1C is a cross-sectional view of the FTI device
1 of FIG. 1B. Illustrated in FIG. 1C, the substrate 11 may
include a semiconductor layer 11a. The semiconductor layer
11a may be a silicon (Si) layer. When semiconductor layer
11a is an Si layer, the semiconductor layer 11¢ may be
crystalline, polycrystalline, or amorphous. The semiconduc-
tor layer 11a may be doped with a dopant. The semicon-
ductor layer 11a may be P-type, N-type, or a combination of
N-type and P-type. The semiconductor layer 11a may be a
back gate for the ferroelectric tunneling junction device. The
substrate 11 may comprise a I1I-V compound semiconduc-
tor. The substrate 11 may comprise a resin layer. The
substrate 11 may comprise a glass layer. In FIG. 1C, the
substrate 11 may include a dielectric layer 116 with the
dielectric layer 1156 being on the semiconductor layer 11a.
The dielectric layer 115 may be an oxide. The dielectric
layer 115 may be SiO,. The dielectric layer 115 may be a
nitride. The dielectric layer 115 may comprise an oxide and
a nitride. The dielectric layer 115 may be a resin. The
dielectric layer 115 may be material that is sufficient to form
a gate insulating film of a field effect transistor. The thick-
ness of the substrate 11 is 260-nm.

[0073] Also in FIGS. 1A, 1B and 1C, a graphene layer 12
is on the substrate 11. The graphene layer 12 may be a
single-atom thick layer. The structure of the graphene in the
graphene layer 12 may be a two-dimensional closely packed
honeycomb carbon lattice. In other embodiments, for layer
12, MoS,, WSe,, WTe,, or black phosphorene may replace
or be used in combination with graphene.

[0074] A tunneling layer 13 is on the graphene layer 12 in
FIGS. 1A, 1B and 1C. The tunneling layer 13 may be a
ferroelectric material. The ferroelectric material may have a
perovskite structure. The ferroelectric material may be a 2D
ferroelectric material (e.g., CulnP,S, (CIPS), In,Se;, SnSe,
etc.). In some embodiments, the 2D CIPS (or similar mate-
rial) may be deposited in as one monolayer, two monolayers,
three monolayers, four monolayers, or the like. For example,
in one embodiment, two monolayers of CIPS are deposited,
such that the thickness of the CIPS layer is essentially two
times the molecular height of CIPS.

[0075] Ametal layer 14 is shown in FIGS. 1A, 1B and 1C.
As illustrated in FIG. 1C, the metal layer 14 may comprise



US 2023/0413692 Al

a bi-layer 14a and a bi-layer 145. The bi-layer 145 may be
in direct contact with the bi-layer 14a. The bi-layer 14a is a
metal. The bi-layer 145 is another metal that differs from the
bi-layer 14a. The bi-layer 14a may be in direct contact with
the graphene layer 12. The bi-layer 14a may be in direct
contact with the tunneling layer 13. The bi-layer 14a may be
chromium (Cr). The thickness of the bi-layer 14a may be
about 5 nm. The bi-layer 1456 may be gold (Au). The
thickness of the bi-layer 145 may be about 50 nm. The
thickness of the bi-layer 146 may about ten times the
thickness of the bi-layer 14a. The metal layer 14 in FIGS.
1A, 1B and 1C is patterned into electrodes. Electrode 14,
and electrode 14, are present in FIGS. 1A and 1B. An
additional electrode 14, is present in FIG. 1C.

[0076] InFIGS. 1B and 1C, a monolayer 15 is between the
graphene layer 12 and the tunneling layer 13. The monolayer
15 may be a transition metal dichalcogenide (TMD). The
TMD may be molybdenum disulfide (MoS,). The TMD may
be tungsten diselenide (WSe,).

[0077] As shown in FIG. 1D, the FTJ 1 is fabricated
through a layer-by-layer process. Though, as described
below, other processes are possible and specifically contem-
plated herein. First, nanometer-thick graphene flakes (i.e.,
one to a few atomic layers thick) were mechanically exfo-
liated directly onto a 260-nm-thick SiO,/Si substrate. The
ultrathin graphene flakes can be easily identified by their
optical contrast under optical microscope. However, it is to
be understood that in other embodiments, a single layer,
double layer, or 3-4 layer graphene can be deposited via
known processes over a substrate, such as by chemical vapor
deposition techniques. For example, a graphene layer 12
may be grown by a CVD process (chemical vapor deposi-
tion) or an ALD process (atomic layer deposition). Other
materials that may replace graphene include black phospho-
rene, metallic WTe,, doped MoS, or WSe,, etc.

[0078] Thereafter, for the fabrication of the tunneling layer
13, FIG. 1D shows that a thin CIPS film was exfoliated on
polydimethylsiloxane (PDMS) and transferred onto the gra-
phene flake using the all-dry viscoelastic stamping proce-
dure under an optical microscope. The CIPS layer in the
drawing figures may be grown by MBE (molecular beam
epitaxy). Alternatively, In,Se; may replace CIPS and depos-
ited onto the substrate 11 by a CVD process. The drawing
figures may depict two CIPS layers for illustrative purposes
only. In some embodiments, the 2D CIPS (or similar mate-
rial) may be deposited as one monolayer, two monolayers,
three monolayers, four monolayers, or the like. For example,
it has been found that the CIPS layer having four layers is
easy to handle by mechanical exfoliation due to its thickness
and may also generate great results in terms of TER perfor-
mance.

[0079] The bi-layer metallic electrodes (Cr/Au, 5/50 nm)
may be patterned using standard electron-beam lithography
(EBL) and deposited by thermal evaporation. In the whole
flake exfoliation and transfer process, the presence of
bubbles in between vdW layers was not noticed, indicating
a good interfacial contact. Though annealing after the device
fabrication may be unnecessary, the unintentional heating
associated with the thermal evaporation process can gently
anneal the sample to strengthen the interfacial contact and
release the unintentional strain. These are potential reasons
for the excellent device performance (to be discussed later),
even without subjecting the device to any post annealing
treatments, a procedure that is commonly used in the field.
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[0080] FIG. 1D is a schematic illustration of one example
of a fabrication process of FTJs. At step 100 of FIG. 1D,
ultrathin graphene flakes are mechanically exfoliated on
260-nm-thick-SiO,/Si chips, followed by the mechanical
exfoliation in step 200 of FIG. 1D of ultrathin CIPS flakes
by polydimethylsiloxane (PDMS) and being transferred in
step 300 of FIG. 1D onto the ultrathin graphene flakes under
optical microscope. Last, two 5-nm-Cr/50-nm-Au electrodes
are defined in step 400 of FIG. 1D by e-beam lithography
and deposited by thermal evaporation onto graphene and
CIPS separately. When a small voltage is applied between
these two electrodes, the electron tunnelling can be expected
through the ultrathin CIPS layer.

[0081] Unexpectedly Good Results

[0082] The following is evidence of results that are unex-
pectedly good.

[0083] (a) First Example of Unexpectedly Good Results
[0084] FIG. 2 shows a representative optical image of a

fabricated tunneling device, and the area of the tunneling
junction is about 40 um?. For this two-terminal device, the
reading and writing will be through the same pair of elec-
trodes. As will be discussed later, a pulse voltage will be
applied to write the ferroelectric polarization. The voltage
and measure the tunneling current may be subsequently
swept after the writing operation.

[0085] FIG. 2A shows a schematic of a FTI structure,
consisting of a thin CIPS flake as the ferroelectrics and thin
graphene and Cr/Au as two electrodes. FIG. 2B is an optical
image of the fabricated device. The regions surrounded by
the dashed lines represent the top CIPS 13 and the under-
neath few-layer graphene, respectively. The scale bar in FI1G.
2B is 20 um.

[0086] FIG. 2A shows a schematic of the vdW FTI device
structure, where a thin CIPS flake serves as the tunneling
layer, and the bottom and top electrodes are graphene and
Cr, respectively. FIG. 2B shows a representative optical
image of the fabricated tunneling device, and the area of the
tunneling junction is about 40 wm?. For this two-terminal
device, the reading and writing will be through the same pair
of electrodes. As will be discussed later, a pulse voltage will
be applied to write the ferroelectric polarization. After the
writing operation, the voltage can be subsequently swept
and the tunneling current can be measured.

[0087] FIG. 3 illustrates a Raman spectrum of CIPS thin
film 13 at room temperature. The series of sharp Raman
peaks are consistent with the previous experimental report of
high quality CIPS crystals, showcasing the excellent crys-
talline quality of the mechanically exfoliated CIPS flake.
The crystal quality of the ferroelectric spacing layer will be
critical for the large TER and sizable endurance.

[0088] FIG. 3 presents the Raman spectrum of an exfoli-
ated CIPS thin film 13 at room temperature with an excita-
tion laser wavelength of 532 nm. The laser was focused on
the samples via a 50x objective with a numerical aperture of
0.5. One bandpass filter was used to clean up laser spectral
noise, and three Bragg notch filters were used to suppress the
Rayleigh line bandwidth down to ~8 cm™. The peak at
around 100 cm™ arises from the vibrations of anion
(P,Ss*), and the peak at 262 cm™! is related to S—P—S
vibrations. Cu* ions are responsible for the peak located at
316 cm™, and the peak at 373 cm™' is caused by P-P
stretching. These well-defined Raman features agree well
with the previous experimental reports based on high quality
as synthesized bulk crystal of CIPS, indicating the crystal-
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line quality of the exfoliated CIPS flake. The high crystal-
linity with minimum density of defects will be critical for the
high TER, sizable endurance and high threshold of voltages
may be applied before dielectric breaks down or leakage
current surges.

[0089] Of FIG. 4, a pulse writing voltage with a period of
200 ms to flip the ferroelectric polarization of the tunneling
devices was used. After the writing operation and the
withdrawal of the write voltage, the tunneling current was
recorded under a reading voltage of —0.4 V, or under a series
of sweeping voltages, depending on specific measurement
modes. To avoid the ferroelectric-paraelectric phase transi-
tion unintentionally caused by the Joule heating effect
arising from the tunneling current, a low duty cycle (0.5%)
was used to keep the device temperature being lower than
the ferroelectric Curie temperature (Tc) of CIPS (~315 K).
Before applying the writing voltages, it was observed that
the initial states of FTJ tend to be in off-state with an
extremely low tunneling current (~107'* A) under -0.4 V
reading voltage. To avoid breaking the device, this process
was started from a relatively low pulse voltage (2 V) to try
to flip the CIPS polarization, and the device remained in the
off-state until the pulse voltage reached 3.4 V. After applying
a pulse voltage of 3.4 V, the device switched to the on-state
with a relatively high tunneling current (~10~* A) under the
same reading voltage (FIG. 4A). By applying an opposite
pulse voltage (-3.6 V), the FTJ device switched back to the
off-state as shown in FIG. 4B, which demonstrates a high
TER ratio up to seven orders of magnitude.

[0090] FIG. 4 illustrates a current-voltage characteristics
and band diagrams of the FTJ. FIG. 4A illustrates a current-
voltage characteristic of on-state. FIG. 4B illustrates a
current-voltage characteristic of off-state. FIG. 4C illustrates
band diagrams for the on-state of the FTJ. FIG. 4D illustrates
band diagrams for the off-state of the FTJ. The built-in
polarization field in the CIPS 13 is shown with arrows, and
the tunneling current is indicated by the arrows.

[0091] The giant modulation of the on/off state tunneling
current arises from the following: (1) the Fermi level of
graphene can be effectively modulated by the CIPS layer 13
of opposite polarizations, and (2) the tunnel barrier itself
(heights and width) strongly depends on the built-in polar-
ization electric field within the CIPS tunneling barrier layer
13. Since the cold electron transmission probability depends
exponentially on the barrier height, the difference between
the Fermi level of graphene and the conduction band mini-
mum of the CIPS barrier layer affects the tunneling current
significantly.

[0092] With a positive writing voltage (3.4 V), the positive
charge center (Cu™) moves close to the graphene side and
increases the electron concentration in graphene, causing the
Fermi level of graphene to shift from relatively intrinsic to
well above the Dirac point (n-doped). Therefore, the prob-
ability of electrons tunneling through the CIPS 13 increases
with the reduced height of the tunneling barrier, resulting in
a larger tunneling current (on-state). Conversely, negative
writing voltage (-3.6 V) flips the polarization electric field
in the opposite direction, which could reduce the electron
concentration in graphene and shift the Fermi level below
the Dirac point (p-doped). Correspondingly, the higher tun-
neling barrier between CIPS 12 and graphene 12 causes a
remarkable decrease in the tunneling current (off-state).
[0093] Furthermore, when continuously switching the
positive and negative writing voltages, the on/off state of the
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FTJ device could be reliably and repeatedly controlled. In
these operations, the TER could be maintained at 10°, as
shown of FIG. 5. The off-state current that was measured is
on the order of 107! A, which is the equipment’s measur-
able resolution of the Agilent 4155C semiconductor param-
eter analyzer. Per the data of the similar device reported in
previous literature, the off-state current could potentially on
the order of 107'* A or even lower. Considering the instru-
mental resolution in small current measurement, it was
reasonably expected that the true TER could be two orders
of magnitude higher than the herein reported 107

[0094] FIG. 5 illustrates repetitive characterizations of the
FTJ device. The writing and reading operations were
repeated multiple times, and the clear contrast between ON
and OFF states is highly reproducible.

[0095] FIG. 6A illustrates on-state current-voltage char-
acteristics for FTJ under different gate voltages applied on
graphene. FIG. 6A is the schematic of the device structure.
260-nm-thick SiO, served as the dielectric layer and the
bottom Si (p++) served as the back-gate electrode. FIG. 6B
illustrates on-state currents (with 1 V reading voltage) under
different gate voltages. The magnitude of the tunneling
current increases monotonically as the gate voltage
increases.

[0096] Given the general tunability of 2D materials, it is
possible to tune the tunneling current in FTJ devices using
these materials, which could be useful for many device
applications such as analog electronics and neurosynaptic
computing. Specifically, as illustrated in the device archi-
tecture of FIG. 2, 260-nm-thick SiO, was used as the
dielectric layer and the bottom Si (p++) served as the
back-gate electrode. FIG. 6A depicts the on-state current-
voltage characteristics of the FTJ with different gate volt-
ages. The on-state current increased with the increasing gate
voltages at all the reading voltages (from -1 V to 1 V). FIG.
6B summarizes the on-state currents with a set 1 V reading
voltage for different gate voltages. Without applying a gate
voltage, the pristine on-state current is ~0.5 mA at 1 V,
which linearly increases with the increasing gate voltages.
When the gate voltage increased to 50V, the on-state current
can achieve ~1 mA, which is two folds of the pristine
on-state current. The increased tunneling current is
explained by the gate voltage raising the Fermi energy in
graphene, leading to a decreased tunneling barrier height.
The gate-tunable on-state current opens new avenues to
creating multiple intermediate states within the already large
on/off window (107. Thus, engineering multiple states
within the large on/off window may provide viable routes
toward analogue electronics, neuromophic computing, and
computing in memory.

[0097] In this disclosure, various embodiments of vdW
heterostructure FTJ devices can be constructed based on 2D
ferroelectric CIPS and 2D semimetal graphene, and the
devices will exhibit a high TER ratio up to approximately
107. This high TER ratio arises from the effective ferroelec-
tric modulation of the chemical potentials in graphene and
the tunneling barrier height. Remarkably, the tunneling
current can be further tuned by simply applying a gate
voltage to control the energy levels in graphene, leading to
a further enhancement and fine tuning of the TER ratio.
Based on these results, it is contemplated that the TER ratio
can be further enhanced by employing high-K dielectrics to
electrostatically control graphene. By doing so, it will enable
the low-voltage, effective control of TER, which is helpful



US 2023/0413692 Al

for low-power and high-performance computing and
memory applications. The gate-tunable vdW FTJs with giant
TER opens up new platforms for high-performance non-
volatile memories.

[0098] (b) Second Example of Unexpectedly Good
Results
[0099] Conventional ferroelectric tunnel junctions (FTJs)

comprising metal/oxide heterostructures suffer from a rela-
tively low tunneling electroresistance (TER; usually <10°)
due to the unavoidable defect states and interfacial states.
Here, constructed are embodiments of van der Waals FTJs
consisting of 2D ferroelectrics CulnP,S, and 2D electronic
materials (e.g., graphene and MoS,) and demonstrated a
record-high TER of >10"° at room temperature. Also dem-
onstrated is an unprecedented layer-by-layer engineering of
giant TER, largely strengthening the ability to manipulate
electrons’ tunneling behaviors for advanced tunneling
devices.

[0100] Ferroelectric tunnel junctions (FTJs) promise elec-
trically switchable memories, sensors, and logic devices.
However, traditional FTJs comprising metal/oxide hetero-
structures only exhibit modest tunneling electroresistance
(TER). Instead, a TER of approximately 10'° is achieved
due to gigantic ferroelectric modulation of band alignments
of vdW stacks. In FTJ multilayered structures of the disclo-
sure, inserting a monolayer 15 of MoS, or WSe, in between
ferroelectrics 13/graphene 12 effectively enhances TER by
ten times. The discovery of the giant TER in vdW FTJs
opens up a new solid-state paradigm in which electrons’
potential profiles can be tailored in an unprecedented layer-
by-layer fashion, enhancing the ability to control electrons’
tunneling behaviors for emerging tunneling devices 1.
[0101] The ability to engineer potential profiles of multi-
layered materials is critical for designing high-performance
tunneling devices such as ferroelectric tunnel junctions
(FTJs). FTJs comprise asymmetric electrodes and a ferro-
electric spacer, promising semiconductor platform-compat-
ible logic and memory devices. However, traditional FTJs
consist of metal/oxide/metal multilayered structures with
unavoidable defects and interfacial trap states, which often
cause compromised tunneling -electroresistance (TER).
Here, constructed are embodiments of van der Waals (vdW)
FTJs by a layered ferroelectric CulnP,S, (CIPS) 13 and
graphene 12. Owing to the gigantic ferroelectric modulation
of the chemical potentials in graphene by as large as ~1 eV,
demonstrated is a giant TER of 10°. While inserting just a
monolayer 15 of MoS, between CIPS 13/graphene 12, the
off state is further suppressed, leading to >10'° TER. The
discovery opens a new solid-state paradigm where potential
profiles can be unprecedentedly engineered in a layer-by-
layer fashion, fundamentally strengthening the ability to
manipulate electrons’ tunneling behaviors and design
advanced tunneling devices 1.

[0102] Among all the bizarre phenomena governed by
quantum mechanics, the tunneling behavior is clearly
beyond any classical theory’s comprehension when it comes
to the penetration of matter waves and the transmission of
particles through a high potential barrier—that is, the clas-
sically forbidden region. Fundamentally differing from dif-
fusive transport, electrons’ quantum tunneling through the
classically forbidden region leads to a wide spectrum of
remarkable phenomena such as Klein tunneling and pivotal
devices such as magnetic and ferroelectric tunnel junctions.
Quantum tunneling efficiency sensitively depends on the
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details of the potential barriers including heights and widths.
Given such a dependence is an exponential function, the
tunneling can be turned on and off with stark contrast,
thereby leading to the development of a broad range of
important devices such as nonvolatile memories and steep-
slope tunneling field-effect transistors.

[0103] As noted above, in some embodiments a tunneling
layer 13 is implemented between a pair of asymmetric
electrodes 14. The tunneling transmission can be toggled
with ferroelectric polarizations because the relative potential
profiles are altered by the opposite electric dipoles, leading
to a tunneling resistance contrast defined as tunneling elec-
troresistance (TER) of a ferroelectric tunnel junction (FTI).
However, in practical multilayered material systems such as
metal-oxide-metal trilayer structures, defect states and inter-
facial trap states are inevitable, sometimes entangled with
metal-induced gap states and the associated Fermi-level
pinning. The defect states complicate the intermediate tun-
neling channels and thus tend to deteriorate the TER, and
Fermi-level pinning sets roadblocks for the efficient ferro-
electric alternation of the relative potential profiles, sup-
pressing the TER.

[0104] The recently emerged two-dimensional (2D) lay-
ered van der Waals (vdW) materials, and in particular the
vdW ferroelectrics (e.g., CulnP,S, (CIPS) and In,Se;),
promise a giant TER owing to the negligible defects,
absence of interfacial states in vdW heterojunctions, and the
easy tunability of the chemical potentials of 2D materials.
The high crystallinity of 2D vdW materials retains at the
atomic level and even at the wafer scale, which holds
unprecedented prospects for next-generation high-perfor-
mance, energy-efficient FTJs considering that the ultrathin,
defect-free ferroelectrics can allow low-voltage writing
operations.

[0105] Thus, some embodiments of the present disclosure
may be constructed using vdW heterostructure-based FTJs 1
comprising, or primarily consisting of, 2D ferroelectric
CIPS and 2D electronic materials (i.e., graphene, MoS,, and
WSe,). Such embodiments have demonstrated a record-high
TER of >10%° at room temperature. This large TER arises
from the gigantic ferroelectric modulation of the tunneling
barrier height and the band positions of 2D electronic
materials. Remarkably, an order-of-magnitude enhanced
TER in Cr/CIPS/graphene (CrCG) tunnel junctions was
achieved by simply adding a monolayer 15 (MoS, or WSe,)
in between CIPS 13 and graphene 12.

[0106] This addition of a monolayer 15 caused improved
results, in a manner that would not have been readily
determinable or expected.

[0107] The electronic bandgap of the transition metal
dichalcogenides (i.e., MoS, or WSe,) is very sensitive to
electronic bandgap. Although having more layers will
increase the resistance of the contact at the graphene side,
the electronic bandgap of TMD may decrease with an
additional number of layers. Important questions a design
should address include what number of layers will lead to
the largest asymmetry in the resistance with the two electric
polarization. There should be an optimal number of layers,
which has not been determined previously.

[0108] The discovery of the giant TER in vdW FTJs and
the demonstration of the effectiveness of the layer-by-layer
engineering of FTJs open the door to an emerging class of
vdW heterostructures for studying fundamental tunneling
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physics and exploring tunneling devices such as nonvolatile
memories, logics, and logic-in-memory technologies.
[0109] FIG. 7 illustrates example device structures and
band diagrams for CrCG FTJs 1. Specifically, FIG. 7 illus-
trates the device structures and band diagrams for the on
state and off state of a CrCG tunneling device 1. FIG. 7A is
a schematic of the CrCG tunneling device 1 in on state. FIG.
7B is a schematic of the CrCG tunneling device 1 in off state.
The built-in polarization fields in the CIPS 13 are indicated
by the arrows. FIG. 7C is an optical image of the fabricated
CIPS 13/graphene 12 heterostructure on a 260-nm-thick
SiO,/Si chip 11. The thin graphene and CIPS flakes are
circled by dashed lines, respectively. The scale bar in FIG.
7C is 10 um. FIG. 7D is a band diagram for the on-state FTJ.
FIG. 7E is a band diagram for the off-state FTJ. The built-in
polarization fields in the CIPS 13 are indicated by the
arrows, and the tunneling currents are indicated by the
arrows. FIG. 7F is a corresponding Raman spectra of
graphene 12 and CIPS 13 of the heterostructure 1 shown in
FIG. 7C, indicating the high crystalline quality of these vdW
flakes. The comparable peak intensities of the 2D and G
peaks in graphene suggest it is a bi-layer graphene 12. The
CIPS 13 thickness is estimated to be 3.5 nm by atomic force
microscopy (AFM) measurement. The thinness of the CIPS
flake agrees with its shallow optical contrast and sizable
on-state tunneling current.

[0110] Of FIG. 7, FIGS. 7A and B illustrate the Au/Cr/
CIPS/graphene multilayer stack of FTJ with CIPS 13 polar-
ized oppositely. Under opposite polarizations, the positions
of Cu* ions differ in vertical positions: for the on state, Cu*
ions are pushed by the positive electric field toward the
CIPS/graphene interface, and for the off state, Cu* ions are
dragged away from the CIPS/graphene interface. FIG. 7C
shows a representative optical image of the core heterostruc-
ture of CIPS 13/graphene 12 fabricated by mechanical
exfoliation and dry-transfer process. The thin graphene flake
is covered by a CIPS flake with two regions of different
thicknesses. Specifically, FIG. 7F shows the Raman spectra
of the exfoliated CIPS and graphene thin flakes, measured
by an excitation laser of 532 nm wavelength at room
temperature. The intensities of the 2D band (2,685 cm™)
and the G band (1,580 cm™) of the graphene flake are
comparable, suggesting that the graphene consists of two
atomic layers. As for CIPS, the vibration of anion (P,S¢*")
corresponds to the peak at 100 cm™, and the S—P—S
vibration corresponds to the peak at 262 cm™'. 26 Cu™ ions
and P-P stretching are responsible for the peaks located at
316 and 373 cm™, respectively. These well-defined Raman
peaks agree with the previous work on high-quality CIPS
crystals, indicating the high crystalline quality of the CIPS
flake with low defect density, which is critical for achieving
a very large TER. The thickness of the CIPS flake of the
thinner region in FIG. 7C is ~3.5 nm, as estimated by optical
contrast first and confirmed by atomic force microscopy
(AFM) measurement.

[0111] The ferroelectric polarization with built-in electric
field can cause the effective modulation of the energy levels
in graphene and the height of the tunneling barrier. Specifi-
cally, the positive polarization (pointing through CIPS 13
toward the CIPS 13/graphene 12 interface) causes the low-
ering of energy levels in both CIPS 13 and graphene 12
along the CIPS-graphene direction, as illustrated in FIG. 7D.
Conversely, the negative polarization gradually lifts up the
energy levels of CIPS 13 and graphene 12 along the CIPS-
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graphene direction, as illustrated by FIG. 7E. There is a
fundamental difference between the vdW heterostructure
and the oxide/metal heterostructures in traditional FTJs. It
has been well known that the metal/insulator heterojunctions
easily produce mid-gap states due to the evanescent wave-
function of metals decaying into the insulators, which pro-
duces the gap states that potentially pin the Fermi level. The
mid-gap states themselves complicate the tunneling chan-
nels that often cause the compromised TER, and Fermi-level
pinning largely undermines the effectiveness of the ferro-
electric modulation of the band alignments across the stacks.
In stark contrast, CIPS/graphene heterojunctions are free
from defects and Fermi-level pinning and can thus allow the
effective ferroelectric modulation of chemical potentials in
graphene by as large as ~1 eV and thus the effective
ferroelectric toggling between two contrasting band align-
ments (FIGS. 7D and E), potentially leading to a giant TER.

[0112] FIG. 8 illustrates device structures and electrical
characteristics of examples of CrCG and Cr/CIPS/MoS,/
graphene (CrCMG) FTJs. Specifically, FIG. 8 illustrates
example device structures and current-voltage characteris-
tics of the CrCG and CrCMG tunneling devices. FIG. 8A is
a schematic of the CrCG tunneling device. The ultrathin
CIPS flake serves as the tunneling layer here. FIG. 8B is an
optical image of a CrCG tunneling device with a top
electrode (TE) and bottom electrode (BE). Areas of gra-
phene 12 and CIPS 13 are circled by dashed lines, respec-
tively. The scale bar in FIG. 8B is 10 mm. FIG. 8C illustrates
current-voltage characteristics of the on and off states of the
CrCG tunneling device. TER is measured using -0.4 V
reading voltage. FIG. 8D is a schematic of the CrCMG
tunneling device. FIG. 8E is an optical image of the CrCMG
tunneling device, showing three subdevices with three dif-
ferent TEs, TEl (CrCMG), TE2 (CrCMG), and TE3
(CrCQG), sharing the common BE. Areas of graphene 12,
MoS,, 15 and CIPS 13 are circled by dashed lines, respec-
tively. The scale bar in FIG. 8E is 20 mm. FIG. 8F illustrates
current-voltage characteristics of the CrCMG tunneling
device with TE1. TER is measured using -0.4 V reading
voltage.

[0113] Fabricated and electrically characterized are CrCG
tunneling devices 1. FIG. 8A is the schematic of the CrCG
tunneling device structure 1, where a thin CIPS flake serves
as the tunneling layer and the bottom and top electrodes are
graphene and Cr, respectively. FIG. 8B shows a represen-
tative optical image of the CrCG tunneling device 1. As
discussed in detail later, a pulse voltage was applied to flip
the ferroelectric polarization. After the writing operation, the
voltage was swept and the tunneling current was measured.
Both on- and off-state current-voltage characteristics dis-
played in FIG. 8C have typical tunneling features with a
slight asymmetry between positive and negative bias volt-
ages, which is caused by the asymmetric device structure
(i.e., top and bottom electrodes adopt different metals).
Under the —0.4 V reading voltage, the on-state current and
off-state current of this device are 2.5x10% and 1.1x10'% A,
respectively, leading to a gigantic on/off ratio of 2.2x10°,
which is three orders of magnitude higher than the maxi-
mum TER reported in conventional FTJs (primarily using
oxide ferroelectrics). This may be a record-high TER in FTJs
at room temperature reported to date.

[0114] The vdW heterojunctions not only provide unique
platforms that could enable a giant TER but also open up
unprecedented opportunities to engineer band alignment in
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a layer-by-layer fashion. Here, monolayer transition metal
dichalcogenides (TMDs) was inserted in these tunnel junc-
tions to further tune the band alignments. FIG. 8D shows the
schematic of the CrCMG tunneling device 1, and FIG. 8E
shows the optical image of a fabricated CrCMG device.
Remarkably, in the CrCMG device 1, an even higher TER of
5.1x10'° (FIG. 8F) was observed. This device exhibits a
very low off-state current of 1.1x10'* A, while it can reach
a 5.6x10* A on-state current, measured by the reading
voltage of -0.4 V. Compared with the CrCG results shown
in FIG. 8C, it appears that the monolayer 15 of MoS,
promotes the tunneling device 1 with one-order-of-magni-
tude-higher TER.

[0115] FIG. 9 illustrates layer engineering of the TER in
an example CrCG tunneling device by inserting a monolayer
15 of MoS, in between CIPS 13/graphene 12. FIG. 9A is a
schematic of the device structure. Au/Crl and Au/Cr2 refer
to TE1 (CrCG) and TE2 (CrCMG) in the optical image in
FIG. 9B. FIG. 9B is an optical image of the CrCG and
CrCMG tunnel junctions. There is a monolayer MoS, flake
under the TEs labeled with TE2 and TE3, while the graphene
directly contacts the top CIPS 13 under the TEs labeled with
TE1 and TE4. Graphene 12, MoS,, 15 and CIPS 13 are
circled by dashed lines, respectively. Scale bar, 10 mm. FIG.
9C is a Raman spectrum of the MoS, in the device shown in
FIG. 9B. The distance between two peaks is ~19 cm™,
demonstrating that the MoS, flake is a monolayer. FIG. 9D
shows current-voltage characteristics of the CrCG and
CrCMG tunnel junctions. The largest difference between the
two off-state currents is around 10 times. FIG. 9E shows a
band diagram for the CrCMG tunnel junction in on state.
FIG. 9F is a band diagram of the CrCMG tunnel junction in
off state. In FIG. 9E-F, the built-in polarization fields in the
CIPS 13 are indicated by the arrows shown, and likewise the
tunneling currents are also indicated by the arrows shown.

[0116] FIG. 9 illustrates layer engineering of the TER in
vdW FTJs. The giant TER of >10'° achieved in CrCMG
tunnel junctions is remarkable not only because of the giant
TER itself but also because it indicates a promising prospect
of layer-by-layer engineering of the band alignments and
thus the resultant fine design and engineering of TER. To
confirm that the experimentally observed one-order-of mag-
nitude enhancement in the CrCMG device with respect to
the CrCG device is not because of sample variance but
indeed is caused by the presence of the monolayer 15 of
MoS,, experiments were designed and controlled based on
two directly comparative devices, between which the only
difference is the monolayer MoS,. As shown in FIG. 9A, the
CrCG and CrCMG devices share the same graphene flake
and the same uniform CIPS flake. By doing so, the thickness
of graphene (and also CIPS) in these two types of devices is
identical. FIG. 9B presents the optical image of the fabri-
cated devices. There are four devices on this chip, sharing
the same bottom electrode labeled as BE, and there is a
monolayer MoS, flake under the top electrodes 14 labeled
with top electrode 2 (TE2) and TE3 while the graphene 12
directly contacts the top CIPS 13 under the TEs labeled with
TE1 and TE4. As shown in FIG. 9C, the Raman E2g and
Alg peaks of MoS, are located at 385 and 404 cm™,
respectively, with the peak frequency separation 19 cm™,
confirming it is a monolayer 15 of MoS,.

[0117] FIG. 9D shows the current-voltage characteristics
of the CrCG and CrCMG tunnel junctions. The on-state
currents of these two devices are similar, while the CrCMG

Dec. 21, 2023

tunnel junction exhibits a one-order-of-magnitude-lower
off-state current than the CrCG tunnel junction, which
causes a higher TER in the CrCMG tunnel junction. Band
diagrams of the on and off states of the CrCMG tunnel
junction are shown schematically in FIGS. 9E and F, based
on the calculated band alignment of CIPS/MoS, by DFT. As
shown in FIG. 9E, for the on state, the conduction band
minimum (CBM) of MoS, is close to the CBM of CIPS 13.
The positive polarization in the on state tends to n-type dope
MoS,,. Given that freshly exfoliated MoS, typically exhibits
n-type behavior, the positive polarization will keep MoS,
n-type doped. Therefore, in this on state, the monolayer 15
of MoS, serves as a thin conductive material in this structure
and will not have obvious effects on the on-state tunneling
currents. In stark contrast, for the off state, the CBM of
MoS, is lifted higher than the CBM of CIPS 12. In other
words, the negative polarization tends to deplete the origi-
nally n-type doped MoS,, making it more intrinsic (i.e.,
more insulating). In this scenario, the MoS, serves as an
insulating layer to effectively increase the width of the
barrier. The band diagram in FIG. 9F implies that the
presence of MoS, with higher CBM than the CBM of CIPS
15 increases the tunneling barrier height as well. Thus, in the
off state, the monolayer 15 of MoS, will effectively block
the electron tunneling, leading to the further suppressed
off-state current.

[0118] The effective suppression of the off-state current by
one order of magnitude through adding a monolayer 15 of
MoS, highlights the effective strategy of layer-by-layer
engineering of the potential profiles in the tunneling path-
way. As an important control experiment, it was decided to
insert a monolayer 15 of WSe, in the CrCG device 1. The
reason for choosing WSe, is because of its contrasting
property from MoS,: the as-exfoliated MoS, is typically
n-type doped, while the as-exfoliated WSe, is typically
p-type doped. The p-type doped WSe, has a large work
function, and its valence band can directly serve to receive
the electrons that tunnel through CIPS 12. In other words,
WSe, in the p-type doping region can serve as the conduc-
tive electrode to receive the tunneling electrons. Note that
the relatively flat band of the covalently bonded semicon-
ductor WSe, has a much larger density of states than
graphene, thereby potentially allowing a higher tunneling
transmission than graphene.

[0119] To confirm this scenario, the devices were fabri-
cated in a directly comparative manner. FIG. 10A shows the
optical image of the Cr 145/CIPS 13/WSe,/graphene 12
(CrCWQG) tunneling device 1, in which the regions sur-
rounded by the dashed lines represent the monolayer 15 of
WSe, and the few-layer graphene underneath, respectively.
Device 1 under TE1 is the CrCWG structure 1, while device
2 under TE2 is the CrCG structure 1. Again, between these
two devices, the only difference is the presence and the
absence of the monolayer WSe,. FIG. 10B shows the
well-defined Raman peaks of WSe, (e.g., the E2g mode of
WSe, at 244 cm™"), and the strong photoluminescence peak
at the energy 1.66 eV demonstrates the monolayer nature of
the WSe, flake.

[0120] Indeed, experimentally observed was the one-or-
der-of-magnitude-enhanced TER with the one-order-of-
magnitude-enhanced on-state current in the CrCWG device
1 with respect to the CrCG device 1. FIG. 10C shows the
current-voltage characteristics of the CrCG tunneling struc-
ture with TE2, exhibiting a low off-state current of 1.2x10'2
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A and a high on-state current of 1.5x10° A with a reading
voltage of —0.4 V, leading to the TER of 1.2x107. In the
device with TE1, which has an additional WSe, layer 15 in
the structure 1, using the same reading voltage with the TE1
device, the off-state current can be as low as 6.7x10"> A, and
the on-state current can reach 2.8x10* A, an order of
magnitude higher than the on-state current of the CrCG
device 1 (FIG. 10D). Thus, a higher TER of 4.2x10® is
achieved with respect to the TER of 1.2x107 in the CrCG
device 1. These results clearly show that the insertion of
monolayer TMDs 15 can enhance the TER effectively.
Interestingly, as discussed, the inserted MoS, enhances the
TER primarily by suppressing the off-state current, while the
inserted WSe, enhances the TER primarily by enhancing the
on-state current. Such layer-by-layer engineering of the
potential profiles opens up the new avenues to study the
fundamental tunneling physics and explore novel tunneling
devices for memories and logic applications.

[0121] Thus, FIG. 10 illustrates layer engineering of the
TER in CrCG tunneling device by inserting a monolayer 15
of WSe, in between CIPS 13/graphene 12. FIG. 10A is an
optical image of the CrCWG tunneling device 1. There is a
monolayer WSe, flake under the TEs labeled with TE1 and
TE3, while the graphene 12 directly contacts the top CIPS
13 under the TE labeled with TE2. Graphene 12, WSe,, and
CIPS 13 are circled by dashed lines, respectively. Scale bar,
20 mm. FIG. 10B is a graph showing Raman and photolu-
minescence (PL) spectra of the monolayer 15 of WSe,. FIG.
10C is a current-voltage characteristics of the CrCG tunnel-
ing device with TE2, showing an on/off ratio of 1.2x107 at
-0.4 V reading voltage. FIG. 10D shows current-voltage
characteristics of the CrCWG tunneling device with TE1,
showing an on/off ratio of 4.2x10 8 at -0.4 V reading
voltage.

[0122] FIG. 11 illustrates asymmetric gate tunability in
CrCG tunneling junction. FIG. 11A is a schematic of the
gate-tunable FTJ structure 1. The 260-nm-thick SiO, 115
serves as the dielectric layer, and the bottom Si (p++) 11a
serves as the back-gate electrode 11a. FIGS. 11B-C are
on-state current-voltage characteristics for FTJs under dif-
ferent negative (FIG. 11B) and positive (FIG. 11C) gate
voltages. The difference in the on-state currents is high-
lighted in the inset. The on-state current increased more
obviously with the varying negative gate voltages than with
the varying positive gate voltages. FIG. 11D is a graph
showing on-state currents (with 1 V reading voltage) under
different gate voltages. This asymmetric gate-tunable on-
state current under positive and negative gate voltages arises
from the initial n-type doping of graphene. As illustrated by
the inset, when graphene is initially n-type doped, the
negative voltages will move the Dirac point close to the
Fermi level, but the positive voltages will move the Dirac
point away from the Fermi level. The energy levels are
easier to be modulated when the Dirac point is moved close
to the Fermi level with respect to the scenario when the
Dirac point is moved away from the Fermi level.

[0123] FIG. 11 illustrates layer engineering of the TER in
CrCG tunneling device by inserting a monolayer 15 of WSe,
in between CIPS 13/graphene 12, FIG. 11A is an optical
image of the CrCWG tunneling device 1. There is a mono-
layer WSe, flake under the TEs labeled with TE1 and TE3,
while the graphene directly contacts the top CIPS 13 under
the TE labeled with TE2. Graphene 12, WSe,, 15 and CIPS
13 are circled by dashed lines, respectively. Scale bar, 20
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mm. FIG. 11B is graph of Raman and photoluminescence
(PL) spectra of the monolayer 15 of WSe,. FIG. 11C shows
current-voltage characteristics of the CrCG tunneling device
1 with TE2, showing an on/off ratio of 1.2x10” at -0.4 V
reading voltage. FIG. 11D is a graph showing current-
voltage characteristics of the CrCWG tunneling device 1
with TE1, showing an on/off ratio o' 4.2x10 8 at -V reading
voltage.

[0124] Given the remarkable tunability of 2D materials in
general, the Si substrate 11 and SiO, dielectric are further
utilized to supply a back gate to tune the TER of the CrCG
FTJs with the device structure 1 shown in FIG. 11A. FIGS.
11B-C show the on-state current-voltage characteristics of
the FTJ devices 1 with different positive gate voltages (FIG.
11B) and negative gate voltages (FIG. 11C), respectively.
The FIG. 11B-C show that the on-state current increased
more obviously under negative gate voltages with respect to
those under positive gate voltages. FIG. 11D summarizes the
on-state current values under different gate voltages with a
reading voltage of 1 V, confirming that the on-state current
changes faster with the varying negative gate voltages than
with varying positive gate voltages.

[0125] The asymmetric gate tunability of on-state currents
is related to the initial doping scenario of the graphene.
Specifically, when a FTJ is in on state, the Fermi level of the
graphene is above the Dirac point (FIG. 11D). Applying the
gate voltages of the same amplitude but of opposite signs
will cause the same amount of charge increase or decrease.
When applying a negative voltage, Fermi level will move
downward at a faster pace with respect to moving upward
under a positive voltage. This is simply because the density
of states near the Dirac point is lower but the density of
states away from the Dirac point is higher.

[0126] In summary, vdW heterostructures were con-
structed based FTJs consisting of 2D ferroelectrics CIPS and
2D electronic materials (i.e., graphene and TMDs) and
demonstrated a giant TER of >10'° at room temperature.
The record-high TER arises from the giant ferroelectric
modulation of the band alignments through the vdW stacks.
The insertion of both monolayer 15 of MoS, and monolayer
15 of WSe, can effectively enhance the TER of CrCG tunnel
junction by an order of magnitude yet with different under-
lying band realignment behaviors. Furthermore, the 2D vdW
FTIs 1 allow the fine gate tunability of the on-state tunneling
current, which endows vdW FTJs 1 with extra electrical
controllability for enhanced functions. The discovery of the
giant TER in vdW FTJs 1 and the demonstration of the
effectiveness of the layer-by-layer engineering of FTJs 1
open the door to the emerging class of vdW heterostructures
1 for studying the fundamental tunneling physics and
exploring tunneling devices such as nonvolatile memories,
logics, and logic-in-memory devices.

[0127] Experimental Procedures

[0128] A CIPS via a flux-based method was grown. First,
synthesized was P,S’ via reaction of the elements P (Alfa
Aesar, Puratronic, 99.999%) and S (Alfa Aesar, Puratronic,
99.999%) in a stoichiometric ratio at 300° C. in a sealed,
thick-walled quartz ampoule. The metal elements Cu (Alfa
Aesar, powder, 100 mesh, 99.999%, reduced in H2 gas at
300° C. prior to reaction) and In (Alfa Aesar, ingot,
99.999%) were mixed with the flux in a molar ratio Cu:In:
P,Ss of 1:1:3 and placed in a 5-mL Canfield crucible set
(LSP Industrial Ceramics). The crucible set, including frit
and catch crucible, was sealed in quartz under partial Ar
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atmosphere. The sealed ampoule was then placed in a muffle
furnace, heated to 650° C. at 30° C./h, held at that tempera-
ture for 36 h, and then cooled to 250° C. at 6° C./h. At 250°
C., the sample was removed from the furnace and centri-
fuged to decant the P2S5 flux, leaving crystals behind of a
maximum size of 8x8 mm. Energy-dispersive X-ray spec-
troscopy (EDS) analysis was performed and compositions of
CIPS, within error were found. CIPS synthesized via a
chemical vapor transport method was used in some testing
experiments.

[0129] Device Fabrication

[0130] For the Cr 145/CIPS 13/TMD 15/graphene 12 FTJs
1, a thin-layer graphene 12 was first mechanically exfoliated
on a 260-nm-thick SiO,/Si substrate 11. Then, monolayer
TMD 15 and thin CIPS film 13 were exfoliated on polydi-
methylsiloxane (PDMS) and transferred onto the graphene
flake in sequence, using the all-dry viscoelastic stamping
procedure through a transfer stage under the optical micro-
scope. The polymethyl methacrylate (PMMA) was spin
coated on the graphene 12/CIPS 13 or graphene 12/TMD
15/CIPS 13 heterostructure as photoresist and annealed in
air at 120° C. for 2 min. Finally, electron-beam lithography
was used to lay out the TE, and the bi-layer metallic
electrodes (Cr/Au, 5/50 nm) were deposited by thermal
evaporation.

[0131] Electrical Characterization

[0132] A pulse writing voltage with a period of 200 ms
was used to flip the ferroelectric polarization of the tunnel-
ing devices by Keithley 4200A-SCS semiconductor param-
eter analyzer. Depending on the specific measurement
modes, a series of sweeping voltages were applied to collect
the current-voltage data or a single reading voltage (e.g.,
-0.4 V) was applied to record the tunneling current. To avoid
the ferroelectric-paraelectric phase transition undesirably
caused by the Joule heating effect arising from the tunneling
current, a low duty cycle (0.5%) was used to keep the device
temperature lower than the ferroelectric Curie temperature
(Te) of CIPS (315 K). The pulse writing voltage was tested
from a relatively low amplitude (2 V) with an increasing step
of 0.2 V to avoid unwanted device damage.

[0133] Raman Spectroscopy

[0134] The measurement was based on an Andor spec-
trometer with a Newton 970 series camera at room tempera-
ture. The 532-nm laser was focused on the samples via a 503
objective lens with a numerical aperture of 0.5. A one
band-pass filter was used to clean up the laser spectral noise
and three Bragg notch filters to suppress the Rayleigh line
bandwidth down to 8 cm™. A 1,200 grooves mm™" grating
was used to achieve a spectral resolution of 0.79 cm™ per
pixel. The integration time was 15 s for each spectrum
acquisition.

[0135] DFT Calculations

[0136] The ab initio calculations were performed by DFT
using the Vienna Ab initio Simulation Package (VASP)
code. The exchange and correlation functionals were imple-
mented by the generalized gradient approximation (GGA) of
the PerdewBurke-Ernzerhof (PBE) functional. The mono-
layer-MoS,/bi-layer-CIPS heterostructure was constructed
with a vacuum layer larger than 15 A° in order to avoid
interactions between adjacent super cells. The lattice con-
stants for pristine MoS, and CIPS were 3.16 and 6.05 A°,
respectively. Here, the lattice constant of CIPS was fixed and
deposited the 2x2 MoS, supercell on the bi-layer CIPS unit
cell. The lattice mismatch was 4.3%. All structures were
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fully relaxed until the force converged on each atom less
than 102 eV/A®, and the energy criterion was set to 106 eV.
The plane-wave cutoff energy was set to 420 eV. Brillouin
zone was sampled using G-centered 14x14x1 Monkhorst-
pack k mesh. The vdW interaction was corrected by the
DFT-D3 Grimme method.

[0137] It should be understood, however, that other mate-
rials may be utilized in such a layering architecture. In
principle, any material in the transition metal dichalco-
genides family which is semiconducting is feasible. For
example, FIG. 12 is a chart showing transition metal dichal-
cogenides that are semiconducting.

[0138] Also as used herein, unless otherwise limited or
defined, “or” indicates a non-exclusive list of components or
operations that can be present in any variety of combina-
tions, rather than an exclusive list of components that can be
present only as alternatives to each other. For example, a list
of “A, B, or C” indicates options of: A; B; C; Aand B; A and
C; B and C; and A, B, and C. Correspondingly, the term “or”
as used herein is intended to indicate exclusive alternatives
only when preceded by terms of exclusivity, such as, e.g.,
“either,” “only one of,” or “exactly one of” Further, a list
preceded by “one or more” (and variations thereon) and
including “or” to separate listed elements indicates options
of one or more of any or all of the listed elements. For
example, the phrases “one or more of A, B, or C” and “at
least one of A, B, or C” indicate options of: one or more A;
one or more B; one or more C; one or more A and one or
more B; one or more B and one or more C; one or more A
and one or more C; and one or more of each of A, B, and C.
Similarly, a list preceded by “a plurality of” (and variations
thereon) and including “or” to separate listed elements
indicates options of multiple instances of any or all of the
listed elements. For example, the phrases “a plurality of A,
B, or C” and “two or more of A, B, or C” indicate options
of: A and B; B and C; A and C; and A, B, and C. In general,
the term “or” as used herein only indicates exclusive alter-
natives (e.g., “one or the other but not both”) when preceded
by terms of exclusivity, such as, e.g., “either,” “only one of,”
or “exactly one of.”

[0139] Although the present technology has been
described by referring to certain examples, workers skilled
in the art will recognize that changes can be made in form
and detail without departing from the scope of the discus-
sion.

What is claimed is:

1. A ferroelectric device comprising:

a substrate;

a first two dimensional (2D) ferroelectric layer disposed
on the substrate, the first 2D ferroelectric layer com-
prising a first 2D ferroelectric material and being 2 to
4 monolayers in thickness;

a second 2D ferroelectric layer selectively disposed over
a portion of the first 2D ferroelectric layer, the second
2D ferroelectric layer comprising a second 2D ferro-
electric material and being at least two monolayers; and

a first metallic electrical contact layer disposed on the first
2D ferroelectric layer and a second metallic electrical
contact layer disposed on the second 2D ferroelectric
layer such that the second 2D ferroelectric layer is
between the second metallic electrical contact layer and
the first 2D ferroelectric layer.

2. The ferroelectric device according to claim 1, wherein

the first 2D ferroelectric material is graphene.



US 2023/0413692 Al

3. The ferroelectric device according to claim 2, wherein
the second 2D ferroelectric layer comprises a tunneling
layer.

4. The ferroelectric device according to claim 1, further
comprising:

a monolayer between the first 2D ferroelectric layer and

the second 2D ferroelectric layer.

5. The ferroelectric device according to claim 4, wherein
the second 2D ferroelectric layer is between a metal layer
and the monolayer.

6. The ferroelectric device according to claim 4, wherein
the monolayer is in direct contact with the first 2D ferro-
electric layer and the second 2D ferroelectric layer.

7. The ferroelectric device according to claim 4, wherein
the monolayer is a transition metal dichalcogenide.

8. The ferroelectric device according to claim 4, wherein
the monolayer is molybdenum disulfide (MoS,).

9. The ferroelectric device according to claim 4, wherein
the monolayer is tungsten diselenide (WSe,).

10. The ferroelectric device according to claim 2, wherein
the first 2D ferroelectric layer is a graphene layer having a
thickness of a single carbon atom.

11. The ferroelectric device according to claim 2, wherein
a tunneling electroresistance (TER) of the ferroelectric
device is at least 10'°.

12. The ferroelectric device according to claim 1, wherein
the second 2D ferroelectric material has a perovskite struc-
ture.

13. The ferroelectric device according to claim 1, wherein
the second 2D ferroelectric material is CulnP,S, (CIPS).

14. The ferroelectric device according to claim 1, wherein
the second 2D ferroelectric material is SnSe.

15. The ferroelectric device according to claim 1, wherein
the substrate has a thickness of approximately 260-nm.
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16. The ferroelectric device according to claim 1, wherein
the substrate comprises a semiconductor layer and a dielec-
tric layer, the dielectric layer is between the first 2D ferro-
electric layer and the semiconductor layer.

17. The ferroelectric device according to claim 16,
wherein the semiconductor layer is doped with a dopant.

18. The ferroelectric device according to claim 17,
wherein the dopant is a P-type dopant.

19. The ferroelectric device according to claim 3, wherein
the second metallic electrical contact layer comprises a
lower metal layer and an upper metal layer, the upper metal
layer being thicker that the lower metal layer.

20. The ferroelectric device according to claim 19,
wherein the upper metal layer and lower metal layer are
different materials, and a portion of the lower metal layer is
in direct contact with the tunneling layer.

21. A device comprising:

a substrate;

a first two dimensional (2D) ferroelectric layer disposed
on the substrate, the first 2D ferroelectric layer com-
prising a first 2D ferroelectric material;

a second 2D ferroelectric layer selectively disposed over
a portion of the first 2D ferroelectric layer, the second
2D ferroelectric layer comprising a second 2D ferro-
electric material;

a third 2D layer disposed between the first 2D ferroelec-
tric layer and the second 2D ferroelectric layer, the third
2D layer comprising a monolayer; and

a first electrical contact layer disposed on the first 2D
ferroelectric layer and a second electrical contact layer
disposed on the second 2D layer such that the second
2D ferroelectric layer is between the second electrical
contact layer and the first 2D ferroelectric layer.
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