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Room-Temperature Out-Of-Plane Ferroelectricity in 1T’ /TH

MoS, Heterophase Bilayer

Weijia Mu, Changming Ke, Changan Huangfu, Junhao Dong, Yaming Zhou,*
Jingying Zheng, Shufang Yue, Jing Li, Shi Liu,* and Liying Jiao*

The emergence of heterophase 2D materials, distinguished by their unique
structures, has led to the discovery of a multitude of intriguing physical
properties and a broad range of potential applications. Here, out-of-plane
ferroelectricity is uncovered in a heterophase structure of 1T’ /1H MoS,, which
is synthesized via chemical vapor deposition (CVD) by tuning the formation
energies for MoS, with varied phases. The atomically resolved structures of
the obtained 1T'/1TH MoS, bilayers are captured using scanning transmission
electron microscopy (STEM) and are confirmed to be non-centrosymmetric
using second-harmonic generation (SHG) characterizations. The intrinsic
out-of-plane polarization is visualized by piezoresponse force microscopy
(PFM), which reveals that ferroelectric domains can be manipulated under an
applied electric field. Ferroelectric tunnel junction (FT]) devices fabricated on
these bilayers exhibit reversible switching between a high resistance state
(HRS) and a low resistance state (LRS). Density functional theory (DFT)
calculations elucidate that the intrinsic ferroelectricity in 1T’ /TH bilayers is
attributed to interlayer sliding and lattice mismatch. The findings not only
expand the scope of 2D ferroelectrics to include vertically stacked
heterophase bilayers but also open avenues for exploring the coupling effect
between ferroelectricity and other phenomena such as magnetism,

1. Introduction

The crystal phase plays a prominent role
in determining the characteristics of
low-dimensional materials, especially for
2D transition metal dichalcogenides (2D
TMDCs).['3] For instance, MoS, possesses
polymorphic structures like hexagonal
(2H), rhombohedral (3R), and octahedral
(1T) phases, as well as distorted octahedral
phases (1T’, 1T, 1T"”), which exhibits
phase-dependent bandgaps and electronic
properties.[>% The construction of het-
erophase structures from 2D TMDC layers
with different phases has led to the emer-
gence of many intriguing physical phenom-
ena, including the introduction of ferro-
magnetism, enhancement of spin splitting,
reduction of Schottky barriers, and facilita-
tion of effective charge separation, among
others.[''1%] These advances have paved the
way for new applications of 2D heterophase
structures across various fields, includ-

superconductivity, and photocatalysis in 2D heterophase TMDCs.
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ing spintronics, valleytronics, field-effect
transistors, photocatalysis, and more.!'7-22]

Beyond these newly discovered
properties in 2D heterophase structures, the emerging concept
of sliding ferroelectricity also holds promise for exploring po-
tential ferroelectric properties in vertical heterophase structures
of TMDCs. Wu et al. proposed an unconventional mechanism
known as sliding ferroelectricity, predicting that specific stacking
sequences of atomic layers in van der Waals (vdW) materials can
facilitate interlayer charge transfer, leading to out-of-plane spon-
taneous polarization.?3] Unlike traditional ferroelectricity, which
usually arises from the ions displacement within the unit cell and
requires a non-centrosymmetric atomic structure, the concept of
sliding ferroelectricity broadens the range of 2D ferroelectrics
through feasible vdW stacking. Recently, this concept has been
experimentally confirmed in bilayer or few layer TMDCs with
specific stacking configurations, such as WTe,,?*®! bilayer h-
BN,[26:27] 3R-stacked MoS, or WSe, 833l and in heterostructures
like WS,/MoS, and graphene/h-BN.3*%] However, heterophase
structures, which consist of different phases of the same mate-
rial, have not yet been reported to achieve sliding ferroelectricity.

Herein, we report experimental observation of ferroelectric-
ity in a heterophase bilayer of 1T’/1H MoS, grown by chemi-
cal vapor deposition (CVD). Scanning transmission electron mi-
croscopy (STEM) and second-harmonic generation (SHG) char-
acterizations were performed to identify the atomically resolved
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structures within the heterophase bilayer and to confirm its non-
centrosymmetric nature. The intrinsic out-of-plane polarization
at room temperature was confirmed by the 180° switchable fer-
roelectric domains by applying an external electric field, as ev-
idenced by piezoresponse force microscopy (PFM). Addition-
ally, we fabricated ferroelectric tunnel junction (FTJ) devices on
1T’/1H MoS, bilayers with both 0 and 180° stacking angles, and
all the obtained FT] devices displayed switchable tunneling resis-
tance between two distinct stable states over 10° cycles. We also
revealed the distinct origin of the ferroelectricity in the 1T'/1H
MoS, bilayers as a result of the interplay between interlayer slid-
ing and strain induced by the lattice mismatch within the het-
erophase structure through theoretical calculations. The discov-
ery of ferroelectricity in the 1T’/1H MoS, heterophase junction
not only adds new members of 2D ferroelectrics but also pro-
vides a unique experimental platform for studying the relation-
ship between ferroelectricity and the dimensions, structure, and
electronic properties of materials, which helps to deepen our un-
derstanding of ferroelectric phenomena.

2. Results and Discussion

The key to exploring ferroelectricity in the 1T'/1H MoS, het-
erophase structure lies in the fabrication of heterophase bilayers
with a clean interface. Compared to sequential stacking through
controlled transfer, the direct growth of heterophase bilayers of-
fers the most pristine interface, which is highly desirable for
further investigation of their intrinsic properties. In our previ-
ous studies, we achieved one-step growth of 1T"/1H MoS, het-
erophase bilayers by using K,MoS, as precursors.3¢! This was
accomplished by tuning the formation energy of the 1H and
1T’ phases of MoS, through excluding or introducing K* in the
growth products by switching the atmosphere from inert Ar to
reductive H, /Ar. By carefully tuning the concentration of H, and
the growth temperature (Figures S2 and S3, Supporting Infor-
mation), we obtained 1T’/1H MoS, heterophase bilayers with a
large area 1H bottom layer (up to 600 um) and relatively small top
1T’ layers in a triangular shape (side length of ~20 pm) on a flu-
orophlogopite mica substrate (Figure 1a,b) under the optimized
growth conditions of 810 °C and an H,/Ar ratio of 8:92 (Figure
S1, Supporting Information, additional details are provided in the
Experimental section). Most of the top 1T’ layers were aligned
along the 0 and 180° directions relative to the bottom 1H layer,
possibly because these two orientations are thermodynamically
most stable.l*”]

The bilayer nature of the obtained sample was confirmed
by atomic force microscopy (AFM) measurements (Figure 1c;
Figure S5, Supporting Information). To assess the phase purity
and structural integrity of the obtained bilayers, we performed
Raman spectroscopy, photoluminescence (PL), and STEM anal-
ysis. In a typical 0°-stacked heterophase bilayer (Figure 1c), the
Raman spectrum of the single-layer region exhibited character-
istic peaks at 384 cm™! (E;g) and 402 cm™" (A,,), with a peak
separation of 18 cm™!, consistent with the Raman spectral char-
acteristics of single-layer 1H MoS,.[*®] In the bilayer region, the
characteristic peaks of 1H MoS, shifted, with a separation of 22
cm™!, indicating strong interlayer coupling.*”) Additional peaks
were observed at 152 cm™! (4,), 283 cm™!, and 327 cm™! (4,),
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which align with the Raman spectral features of 1T” MoS, (Figure
S4, Supporting Information).[*l The PL spectrum of the single-
layer region presented a prominent fluorescence peak at 680 nm
(1.82 eV) (Figure 1d), consistent with the optical bandgap of
single-layer 1H MoS,.*!l In contrast, the PL spectrum of the
bilayer region lacked a distinct fluorescence peak, likely due to
charge transfer between 1H and 1T layers, resulting in a reduced
number of radiative recombination events.[*>*}] Similar Raman
and PL features were observed on 180°-stacked heterophase bi-
layers (Figure S6, Supporting Information). High-angle annu-
lar dark-field (HAADF)-STEM characterization was subsequently
performed to visualize the atomic-scale structure at the boundary
between 1T'/1H MoS, and 1H MoS, (Figure le; Figure S7, Sup-
porting Information). In the 1H MoS, region, Mo and S atoms
were regularly arranged at the lattice sites, whereas moiré super-
lattices were observed in the 1T’/1H MoS, region owing to lattice
mismatch between the 1T’ and 1H phase. The selected area elec-
tron diffraction (SAED) patterns revealed hexagon and rectangle
patterns, indicating the crystal symmetry corresponding to the
diffracted spots of the 1H and 1T" phases, respectively (Figure 1f).

Next, we measured the high-quality 1T’/1H MoS, bilayers with
SHG. It is widely recognized that the single-layer 1H MoS, is
a typical non-centrosymmetric 2D crystal that exhibits a strong
SHG signal but lacks ferroelectricity.l**] The SHG spectra for
both 1H MoS, and the 1T’/1H MoS, bilayers, in their respec-
tive orientations, displayed a six-petal symmetric pattern with
a consistent polarization direction (Figure 2c,f), suggesting that
there was no angular distortion between the top 1T’ MoS, layer
and the bottom 1H MoS, layer.**#¢! Non-uniform SHG signals
were observed particularly at 15 and 195°, which may stem from
the strain effects at the interfaces.*’] The SHG mapping im-
age collected on typical 1T’/1H MoS, bilayers with two stack-
ing orientations showed varied intensities (Figure 2a). Notably,
the SHG intensity in the 0°-stacked bilayer region was signifi-
cantly higher than that of the 1H MoS,, indicating an enhanced
nonlinear optical response introduced by the stacking of 1T
MoS,. Conversely, the SHG polarization intensity in the 180°-
stacked region was lower than that of 1H MoS,, due to destruc-
tive interference between the SHG signals from the two paral-
lel layers (Figure 2b,f).] Consequently, the 0°-stacked bilayer
exhibits a stronger SHG response, indicating its potential for
enhanced nonlinear optical properties and possible ferroelectric
performance.

PFM measurements were then employed to investigate the
boundary between the 1T’/1H MoS, and 1H MoS, regions trans-
ferred on conductive substrate (Figure S8, Supporting Informa-
tion). PFM measurements on a 0°stacked sample were per-
formed by applying positive and negative bias to the designated
areas (Figure 2d,e). The morphology of these biased region re-
mained unchanged (Figure S12, Supporting Information), in-
dicating that no electrochemical oxidation occurred under the
PFM tip bias.*! Phase and amplitude images revealed signifi-
cant changes exclusively in the 1T'/1H stacked region upon the
application of +8 V while the 1H MoS, region remained un-
changed. The 1T’/1H stacked region exhibited a typical butterfly-
shaped amplitude curve and a hysteresis phase shift, indica-
tive of a 180° ferroelectric domain flip (Figure 2h). In contrast,
in the 1H region, the phase and amplitude curves overlapped
in the hysteresis loop (Figure S9, Supporting Information).
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Figure 1. Characterizations of CVD-grown 1T'/1H MoS, heterophase bilayer. a) A schematic illustration of the 1T'/TH MoS, heterophase bilayer. Pur-
ple/magenta and yellow balls represent Mo and S atoms, respectively. b) A typical optical image of 1T"/1H MoS, heterophase bilayers on fluorophlogopite
mica substrate, scale bar: 10 um. The 17" MoS, triangles marked by blue and red lines, indicating orientations of 180 and 0° relative to the underlying TH
MoS, layer, respectively. c) Typical Raman spectra collected on the 1T’/ TH MoS, heterophase bilayer region and TH MoS, region. Insets, corresponding
Raman mapping, and AFM images of a 1T’/ TH MoS, heterophase bilayer, surrounded by TH MoS,, scale bars: 5 um. d) Typical PL spectra of the 1T’/ 1H
MoS, heterophase bilayer region and TH MoS, region. Inset, corresponding PL mapping of the same sample shown in c), scale bar: 5 um. e) A repre-
sentative HAADF-STEM image captured at the 1T’/TH MoS,-TH MoS, boundary, scale bar: 1 nm. f) SAED patterns of the 1T’/TH MoS, heterophase
bilayer obtained through fast Fourier transform (FFT) analysis of the STEM image, scale bar: 5 1/nm. The dotted hexagon and rectangle denoted the

crystal symmetry formed by diffracted spots of TH and 1T’ regions, respectively.

Additional PFM measurements were performed on the mono-
layer 1T” MoS,. After applying +8 V through the tip, no observ-
able change in amplitude or phase was detected (Figure S10,
Supporting Information). Collectively, these findings confirmed
that the 1T"/1H stacking induced ferroelectric domain switch-
ing at the heterophase junction under an external electric field.
Additionally, PFM analysis was extended to samples with 180°
stacking orientation (Figure S11, Supporting Information). Af-
ter PFM domain writing with positive and negative biases, the
phase and amplitude of the 180°-stacked sample exhibited a less
pronounced reversal compared to the 0°-stacked sample. This in-
dicated that 1T"/1H MoS, samples with different orientations
exhibited ferroelectricity, with the 0°-stacked sample showing a
more pronounced effect. To exclude potential artifacts in PFM
testing due to surface charges or static electricity from the ap-
plied biases,[®) the evolution of polarized domain patterns over
time was examined (Figure 2g; Figure S12, Supporting Informa-
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tion). These observations substantiated the reliability of the PFM
testing and further confirmed the out-of-plane ferroelectricity in
1T'/1H MosS,.

The PFM analysis has proved the switchable ferroelectric po-
larization in 1T’/1H MoS,, highlighting its potential application
in miniaturized non-volatile memory devices. Therefore, we have
fabricated FTJ devices by sandwiching 0°-stacked 1T’/1H MoS,
heterophase bilayers between a monolayer graphene bottom elec-
trode and a Cr/Au top electrode (Figure 3a; Figure S13, Support-
ing Information). An obvious counterclockwise hysteresis loop
was observed as the DC bias changed (Figure 3b). Upon reach-
ing a DC bias of +3.4 V, which corresponds to the coercive field of
1T’/1H MoS,, the current underwent an abrupt transition from
27 to 95 pA, indicating a shift from the high resistance state
(HRS) to the low resistance state (LRS) due to the change in
the polarization-modulated tunneling barrier height. Conversely,
when the DC bias fell below the negative coercive field of 1T'/1H
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Figure 2. SHG characterization and piezoelectric response in 1T’/TH MoS, heterophase bilayer. a) Optical image of 1T'/1H MoS, heterophase bilay-
ers (left) and the corresponding SHG intensity mapping image (right) surrounded by TH MoS,, scale bars: 20 um. b) SHG spectra of 1T’/TH MoS,
heterophase bilayers with two distinct stacking orientations and 1TH MoS,. c,f) Angle-dependent SHG intensity for 0 and 180° stacked 1T'/TH MoS,
heterophase bilayers. d,e) PFM amplitude and OOP phase images of the 1T'/1H MoS, heterophase bilayer with surrounding TH MoS, after electrical
poling. The yellow and black box-in-box patterns were written by applying —8 and +8V poling voltages, respectively. The dashed white line marks the
boundary between 1T'/1H MoS, and TH MoS, regions. Scale bars:1 um. g) The retention of PFM amplitude and phase over time. The scanning areas
for all images are 3.5 pm x 3.5 um. h) Vertical PFM phase and amplitude hysteresis loops of 1T’/TH MoS, heterophase bilayer versus tip bias.

MoS, (3.7 V), a switch from LRS to HRS was recorded, accom-
panied by a sudden change in current owing to ferroelectric ef-
fect. After being poled with a voltage of + 4 V, higher than the
coercive field, for 10 seconds, the FTJ device exhibited two dis-
tinct current values (11.9 and 25.7 pA) at a measuring voltage of
0.1V, corresponding to HRS and LRS, respectively (Figure 3d).
The retention property of the 1T'/1H MoS, showed that the two
resistance states could be sustained for at least 10* s (Figure 3e),
implying a stable ferroelectric memory behavior. Raman spectro-
scopic measurements on the 1T'/1H MoS, bilayers, following
the fabrication and characterization of the FTJ, confirmed that
high phase stability of the 1T’ phase within the heterostructure
(Figure S14, Supporting Information). To further verify that the
observed electrical characteristics were due to the ferroelectricity
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of 1T’/1H MoS, instead of interface-induced hysteresis, the het-
erophase MoS, was transformed into pure 2H MoS, through an
annealing process at 260 °C, followed by electrical testing using
the same method. The Raman mapping image indicated that top
1T’ MoS, region has undergone a T'-H phase transition after an-
nealing (Figure 3c). The current of the annealed FT] exhibited
a consistent curve over voltage change process, with no sudden
changes in current. After being poled at +4 V, the annealed FTJ
displayed identical currents (1.1 pA at 0.1 V) over 10° s, show-
ing no obvious HRS or LRS (Figure S15, Supporting Informa-
tion). In addition, FT] devices based on 180°-stacked samples also
displayed similar ferroelectric behavior (Figure S16, Supporting
Information). To rule out ferroelectricity originating from indi-
vidual phases, we fabricated FT] devices using monolayer 1H
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Figure 3. Tunneling current characterization of the FT) device. a) Schematic illustration of FT| based on 17'/1H MoS, heterophase bilayer and the
corresponding optical image, where the red and white dotted lines delineate the bottom graphene electrode and the 17" MoS,, respectively. Scale
bar: 10 um. b) -V characteristics of the FT) device demonstrate tunneling electroresistance between the LRS and HRS states. The arrows indicate the
direction of the current change. Inset: A Raman mapping image of the measured FT) device, scale bar: 5 um. c) -V characteristics of same device after
annealing at 260 °C, exhibiting no difference in tunneling electroresistance with respect to the poling voltage. Inset: A Raman mapping image of the
device after annealing, displaying the complete conversion of T’ phase to H phase, scale bar: 5 um. d) The polarization-dependent tunneling current
versus the applied DC field through the FT) device. The tunneling current is strongly dependent on the previous poling voltage. e) Retention properties

of the bistate after applying +4 and —4 V poling voltages. f) Fatigue analysis of another FT] over 10° switching cycles.

MoS, and 1T’ MoS, as functional layers, respectively. Neither
configuration exhibited ferroelectric switching or hysteretic re-
sistive states (Figure S17, Supporting Information). These results
further confirmed that 1T"/1H MoS, heterophase bilayer exhib-
ited intrinsic ferroelectricity, which is consistent with the PFM
results. To further evaluate the fatigue resistance of the 1T’/1H
MoS, bilayer, periodic bipolar voltage pulses were applied to re-
peatedly reverse the polarization direction of another FT] device
(Figure S18, Supporting Information). Over 10° switching cycles,
the FT] maintained a stable HRS current (~12.1 pA) and LRS cur-
rent (~21.0 pA) at a readout voltage of 1.0 V, exhibiting negligible
fatigue and no wake-up effect, showing high fatigue resistance
(Figure 3f).

To uncover the underlying mechanisms of 2D ferroelectric-
ity, we conducted density functional theory (DFT) calculations
on the 1T’/1H junction. Our theoretical findings indicate that
the intrinsic out-of-plane ferroelectricity of this heterophase junc-
tion results from interlayer sliding and strain generated by lattice
mismatch. Initially, the Mo atoms in the 1T phase align with
the S-site of the 1H phase (AA-down), corresponding to a nega-
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tive polarization state. As the 1T’ phase slides relative to the 1H
phase, the structural configuration transitions through interme-
diate states 2-3-4 and eventually reaches structure 5, in which the
Mo atoms in the 1H phase are positioned near the S atoms of
1T’ phase (AA-up), leading to a polarization reversal from nega-
tive to positive (Figure 4a). Under the influence of strain caused
by lattice mismatch, the polarization vector switches from —0.30
to +0.58 pC m™! (Figure S19, Supporting Information). The slid-
ing from the AA-down configuration to the AA-up configuration
requires overcoming an energy barrier of 5.3 meV per formula
unit (Figure 4b; Figure S20, Supporting Information), which is
comparable to that of typical sliding ferroelectrics such as bi-
layer h-BN.[?] This sliding ferroelectric mechanism, which min-
imizes ionic displacement and charge trapping at interfaces,3!
contributes to the high fatigue resistance in the heterophase bi-
layer. The interfacial differential charge densities (DCD) clearly
show the interlayer charge transfer between the top and bot-
tom layers of the heterophase bilayers, as evidenced by the dis-
tinct separation of electron accumulation and electron deple-
tion regions (Figure 4c,d). Consequently, we propose that the
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Figure 4. Ferroelectric behavior of the 1T’/ 1TH MoS, heterophase bilayer enabled by interlayer sliding. a) Top view of the initial stacking order (AA-down,
structure 1) where a top-layer S atom is positioned directly above an interfacial Mo atom of the bottom layer. The purple, magenta, and yellow spheres
represent the top Mo, bottom Mo, and S atoms, respectively. Lateral sliding of the top layer along the armchair direction leads to a new stacking order
(AA-up, structure 5), in which the top-layer Mo atom is now positioned adjacent to and below the interfacial S atom of the bottom layer. Structures 2—4
represent intermediate configurations in the sliding process. b) The spontaneous OOP polarization value and relative energy vary as a function of the
reaction coordination. c,d) The interlayer differential charge density for the up (AA-up) and down (AA-down) polarization states, respectively.

ferroelectricity of 1T’/1H heterophase junction is closely related
to interlayer sliding and also correlated with the lattice mismatch
between the different crystal phases.

3. Conclusion

In summary, we have devised a new 2D ferroelectric material
in the form of a 1T’/1H MoS, heterophase bilayer and eluci-
dated its sliding ferroelectricity mechanism through a combi-
nation of experimental and theoretical approaches. The key of
this research lies in the fabrication of heterophase bilayers with
a pristine and intrinsic interface, thereby enhancing the inter-
layer coupling. This was achieved by direct growth using K,MoS,,
as a precursor and adjusting the formation energy of the 1H
and 1T phases by altering the growth atmosphere. Compre-
hensive analyses, including Raman spectroscopy, photolumines-
cence, and STEM, verified the phase purity and structural in-
tegrity of the bilayers. SHG measurements confirmed the non-
centrosymmetric nature of the 1T’/1H bilayer, and PFM mea-
surements established the presence of out-of-plane ferroelec-
tricity in the heterophase bilayer with different stacking orien-
tations. The fabrication of FTJ devices and the observation of
polarization-dependent tunneling currents underscored the po-
tential of 1T"/1H heterophase bilayer for non-volatile memory ap-
plications. DFT calculations revealed that the intrinsic ferroelec-
tricity of the 1T’/1H junction arises from interlayer sliding and
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strain formed by lattice mismatch, resulting in an out-of-plane
polarization vector. Given previous reports of superconductivity
in 1T MoS,[*!) and magnetism in 1T'/1H MoS, % the discov-
ery of ferroelectricity positions 1T’/1H MoS, as an ideal platform
for investigating the interplay between ferroelectricity, supercon-
ductivity, and magnetism, potentially leading to novel physical
phenomena. Furthermore, the electric field tunable tunneling
at the 1T"/1H MoS, interface holds promise for enhancing the
functionality of all-2D field effect transistors, with 1T"/1H MoS,
serving as contacts and 1H MoS, as the semiconducting channel.
Our findings are expected to stimulate the development of other
bilayer or multilayer ferroelectric TMDCs based on heterophase
structures, fostering both the exploration of new physics and
the creation of new devices with integrated logic and memory
functions.

4. Experimental Section

Preparation of 2D 1T'/1H MoS, Heterophase Bilayer: The precursor
K,MoS, was prepared according to the previously reported synthesis
procedures.l3®] K,MoS, (~10 mg) was placed on top of a piece of fluo-
rophlogopite mica in a tube furnace. Another piece of fluorophlogopite
mica, serving as the growth substrate, was positioned under the precur-
sor. The system was heated up to 810 °C in a pure Ar atmosphere (100
sccm) over a period of 40 min. Upon reaching the growth temperature,
the furnace was held at this temperature for an additional 10 min to

© 2025 Wiley-VCH GmbH
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facilitate the growth of bottom TH layer. Subsequently, the atmosphere was
switched to a mixture of 8 sccm H,/92 sccm Ar gas, and this was main-
tained for 3 min to allow for the growth of the top 1T’ layer. Finally, the tube
furnace was rapidly cooled down to room temperature. The synthesis was
conducted in a 1-inch quartz tube (Figure S1, Supporting Information).

Microscopic and Spectroscopic Characterizations: Optical images were
captured using a BX 51 M microscope (Olympus). Raman spectroscopic
measurements were conducted with a HORIBA-Jobin-Yvon system, utiliz-
ing a 532 nm laser at 1 mW power. AFM measurements were performed
with a Dimension Icon instrument (Bruker) in tapping mode. The HAADF-
STEM images were obtained using an aberration-corrected JEM-ARM300F
operated at 300 kV.

SHG Measurements: Optical SHG signals were collected using a con-
vert confocal microscope (Nikon, A1) with a femtosecond laser source
(Coherent Co., Chameleon, a pulse width of 140 fs, a repetition rate of
80 MHz, output wavelength range of 700-1060 nm). The laser was mod-
ulated by a laser power attenuation. After adjusting the attenuation plate
to regulate the laser power and the Galvano scanner, the beam entered
into the microscope and was focused onto a spot with an objective lens
(40x, NA 0.95). The signal generated by the sample was collected through
the same microscope objective, transmitted through a low-pass filter, and
then entered into the spectral detector unit with 32 channels. The wave-
length detection range was 400 — 650 nm, with a wavelength resolution
of 2.5 nm. Angle-dependent SHG signals were collected using a Stan-
ford SR830 DSP Lock-In Amplifier, which was coupled to a Light Conver-
sion PHAROS femtosecond laser. The excitation source was ultrafast pulse
light at #1030 nm. A 20X objective lens was used to focus the laser, pro-
ducing a spot diameter of 5.5 um. The sample was fixed while the polar-
ization of the incident light was rotated in 6° increments to obtain spectra
at various angles.

PFM Measurements:  Ferroelectric polarization of the 17'/1H MoS,
heterophase bilayer was examined using a piezoresponse force micro-
scope (Bruker Dimension Icon) at room temperature. Measurements were
carried out in resonance-enhanced mode using conductive Pt/Ir tips with
a spring constant of 3 N m~". The resonance frequency for OOP mea-
surement was set at 300 kHz. PFM hysteresis loops were recorded by
applying a tip bias of £8 V to the samples.

The Fabrication and Measurements of FT| Devices: A single layer of
graphene flake was mechanically exfoliated onto a SiO,/Si substrate. Fol-
lowing this, a 1T/1H MoS, bilayer was placed on top of the graphene
with the aid of poly (methyl methacrylate) (PMMA) and polydimethyl-
siloxane (PDMS) using a fixed-point transfer set-up. PDMS and PMMA
were subsequently removed from the 17'/1H MoS, bilayer by heating at
80 °C and soaking in a toluene, respectively. Finally, a 10 nm Cr/30 nm Au
electrode was fabricated on the 1T’/1H MoS, bilayer using EBL, thermal
evaporation, and lift-off, resulting in a ferroelectric tunnel junction device
with 1T'/1TH MoS, serving as the vertical channel, single-layer graphene
and metal electrode as the bottom and top electrodes, respectively. The
electrical transport properties were measured in a probe station equipped
with a Keysight B1500A semiconductor analyzer in vacuum (107> mbar) at
room temperature. The fatigue analysis was measured in a probe station
equipped with a Keysight B1530 semiconductor analyzer at room temper-
ature.

Theoretical Calculations: DFT calculations were carried out using the
Vienna Ab initio Simulation Package (VASP). The Perdew-Burke-Ernzerhof
(PBE) functional was utilized for describing exchange-correlation inter-
actions, combined with van der Waals corrections. The projector aug-
mented wave (PAW) method was used to model the interaction between
valence electrons and the core ion. An energy cutoff of 600 eV was set
for the calculations. Geometry optimizations were performed with the
conjugate gradient algorithm until forces were reduced to <0.01V AT,
Electronic self-consistent calculations were converged to 1077 eV. The
Brillouin zone was sampled using a 7 x 5 X 1 k-point Monkhorst-Pack
mesh for the unit cell. A vacuum region thicker than 15 A was included
in the structural model. A planar dipole correction was introduced into
the middle of the vacuum region to compensate for electrostatic in-
teractions between dipole layers, following the procedure implemented
in VASP.
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