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Ferroelectric Properties of Bilayer MoS, /WS,
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1. Introduction

The emergence of sliding ferroelectricity is found in non-ferroelectric

two-dimensional materials, which brings novel ferroelectric phenomena and
expands the potential for advancing ferroelectric devices. Experimental
studies have largely focused on sliding ferroelectricity with fixed twist angles
owing to the limitations of preparation methods with controlled angles.
However, how to modulate the ferroelectric properties in the sliding materials
is still challenging. In this work, the out-of-plane ferroelectric properties of
typical bilayer MoS, /WS, heterostructure are reported by precisely controlling
twist angles. The experimental results demonstrate that the second-harmonic
generation response, indicative of symmetry breaking, decreases as the twist
angle increases. In addition, the switching voltage of ferroelectric polarization
exhibits the opposite trend with increasing the twist angle. According to
experimental studies and theoretical calculations, the tunability of
ferroelectric properties arises from the distortion of polar symmetry regions
induced by Moiré patterns at different twist angles. Furthermore, the
ferroelectric semiconductor field-effect transistors yield the twist angles
dependent electrical properties, achieving a large ferroelectric memory
window of =14 V. The study opens the door to significantly modulating the
sliding ferroelectricity via designing twist angles, which will enrich the
framework of twistronics and expand the promising applications in the

emerging sliding ferroelectric devices.

Two-dimensional (2D) ferroelectric mate-
rials have attracted tremendous attention
thanks to the atomic scale, no dangling
bonds, and incorporation with semiconduc-
tor materials, which have promising appli-
cations for ferroelectric memory, transistor,
and neuromorphic computing.[?] A large
number of 2D ferroelectric materials have
been theoretically predicted, but a few 2D
materials including CulnP,S,, MoTe,, and
In, Se,; have been experimentally reported to
exhibit intrinsic ferroelectricity.>] Never-
theless, the majority of 2D materials are un-
able to spontaneously form ferroelectric po-
larizations due to the absence of the requi-
site specific crystal structures and electronic
configurations necessary for ferroelectric-
ity. Twist engineering enables the emer-
gence of sliding ferroelectricity in inher-
ently non-ferroelectric 2D materials, unveil-
ing unprecedented physical behaviors.!®]
The ferroelectricity observed in this twisted
bilayer can be attributed primarily to the for-
mation of Moiré lattice and interlayer slid-
ing. Additionally, itis closely associated with
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interface engineering and energy band reconstruction.”8! The
breaking of symmetry by twisting has prompted a significant ex-
pansion in the study of ferroelectricity of numerous 2D materials.

Recent studies have demonstrated that twist engineering can
produce unique physical properties of 2D materials. This en-
compasses the interlayer binding energy and chiral vortex do-
mains of MoS, homojunctions, reflected in the PL spectra, ex-
citon energies, and Raman peak positions, all of which demon-
strate a pronounced dependence on the twisting angle.l) The
exciton transition strengths and energies in WSe,/MoSe, het-
erostructure, tunability of the spin texture in WSe,/graphene
heterostructures,['®!!] and the dipolar excitons in black phospho-
rus have been demonstrated to undergo alteration with the in-
terlayer twisting angle.['?] Furthermore, interlayer twisting has
been employed in the exploration of ferroelectricity. Examples
of this include the construction of a bulk nonpolar 2D material,
boron nitride and graphene, by twisting to make it ferroelectric,
etc.['] Previous studies have mainly concentrated on sliding fer-
roelectricity with fixed angles due to the limitations of prepara-
tion methods with controlled angles. However, it is difficult to
achieve the modulation of ferroelectric properties in sliding ma-
terials.

In this work, we report that the ferroelectric properties of bi-
layer MoS, /WS, heterostructure can be modulated via varying
twisting angles over a symmetry period. The twisted MoS, /WS,
heterostructure has been constructed by chemical vapor depo-
sition (CVD) growth and transfer method. The symmetry and
ferroelectric behavior of MoS, /WS, heterostructure have been
measured by second-harmonic generation (SHG) and piezore-
sponse force microscopy (PFM). Experiment results indicate that
the ferroelectric properties can be modulated by twisting an-
gles. The theoretical calculations serve to elucidate the physics
mechanism of twisting angle-dependent ferroelectric properties.
Furthermore, the ferroelectric semiconductor field-effect transis-
tors (FeS-FETs) have been constructed with the aforementioned
twisted van der Waals heterostructure, which exhibit twist angles
dependence of electrical properties, achieving large memory win-
dow (MW) and high mobility, which is higher than previously
reported untwisted heterostructures.!'41]

2. Results and Discussion

2.1. CVD Growth and Structural Characterization of Twisted
MosS, /WS, Heterostructure

Due to the limitations of precise control twist angles of bilayer
samples by the mechanical exfoliation method, the MoS, and
WS, samples were grown by CVD, respectively. The high-quality
bilayer MoS,/WS, heterostructures were employed to actively
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manipulate the interlayer twist angle via the transfer method,
as illustrated in Figure 1a. The specific growth parameters and
post-growth optical microscope images are presented in Figure
S1 (Supporting Information). A schematic representation of the
atomic structure of the MoS, /WS, heterostructure is shown in
Figure 1b. The MoS, is located on the right side as the lower layer,
the WS, is depicted on the left side as the upper layer, and the cen-
tral stacked section belongs to the MoS,/WS, heterostructure.
The red line illustrates the methodology employed to ascertain
the stacking twist angle. The optical microscopy image of twisted
bilayer MoS, /WS, heterostructure is presented in Figure 1c. The
atomic force microscopy (AFM) result shows that the thickness of
bilayer MoS, /WS, heterostructure is determined to be 1.6 nm,
as illustrated in the inset. The Raman spectra of MoS, /WS, het-
erostructure are presented in Figure 1d, which shows the typi-
cal in-plane vibrational modes (E,,) and out-of-plane vibrational
modes (A;,) of MoS, and WS, monolayers. The Raman modes
of WS, are located at 355 and 419 cm ™!, while the Raman modes
of MoS, are located at 385 and 404 cm~"'. The overlapping region
corresponds to the MoS, /WS, heterostructure. Furthermore, the
interface of the MoS, /WS, heterostructure has been character-
ized by scanning transmission electron microscopy and energy-
dispersive X-ray spectroscopy, as presented in Figure S2 (Sup-
porting Information). The clear interface has demonstrated the
high quality of the heterostructure without the obvious stacking
disorder.

2.2. SHG Response of Twisted MoS, /WS, Heterostructure

Typically, SHG is capable of providing an accurate assessment
of symmetry. Figure 2a illustrates an optical microscope image
of the MoS, /WS, heterostructure at a twisting angle of 53°. The
black shape represents the upper WS, layer, white shape repre-
sents the lower MoS, layer, and yellow box represents the stack-
ing angle. Figure 2b shows the corresponding SHG mapping
image. As evidenced by the color comparison, the stacked re-
gion of MoS, /WS, heterostructure presents a more intense yel-
lowish tone, which indicates that the strength of SHG response
of the heterostructure is greater than that of the two individual
materials. The polarization SHG signal under a representative
parallel emission field, as depicted in Figure 2¢, can be approx-
imated by the equation I = I, cos?36. Figure 2d shows the po-
larization SHG signal under the perpendicular emission field,
which can be approximated by the equation I = I, sin?36. In
this context, I, represents the maximum value of the SHG in-
tensity, while 6 denotes the azimuthal angle between the direc-
tion of the excitation field and crystal mirror. The two diagrams
collectively demonstrate that the sixfold rotational symmetry of
the SHG remains integral within the twisting region. The an-
gular difference of 30° in parallel and perpendicular configu-
rations of the heterostructure exhibits typical rhombic symme-
try, confirming its non-centrosymmetric structural characteris-
tics, which fulfill the fundamental criterion for a material with
ferroelectric properties.!**) More results with the horizontal and
vertical polarization SHG signals are shown in Figure S3 (Sup-
porting Information). Figure 2e illustrates the intensity of SHG
signal as a function of twisting angles, and Figure 2f shows the
corresponding curve of the decreasing trend in SHG signal in-
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Figure 1. Characterization of twisted MoS, /WS, heterostructure. a) Schematic diagram of the preparation of twisted MoS, /WS,. b) Schematic diagram
of atomic structure for twisted MoS, /WS,. The red line represents the judgment method for angle calibration. c) Optical microscopy image of MoS, and
WS, monolayers, as well as MoS,/WS,, and the inset shows the height curve of bilayer MoS, /WS,. d) Raman spectra of monolayer MoS,, monolayer

WS,, and MoS, /WS,.

tensity with increasing twisting angles. The results taken at addi-
tional twisting angles are presented in Figure S4 (Supporting In-
formation). According to SHG measurement, it is clearly shown
that a strong twist angle dependence of SHG intensity, the max-
imal SHG intensity is detected at small interlayer twist angles.
As the interlayer twist angle gradually increases, the SHG in-
tensity decreases, and the corresponding degree of symmetry
breaking gradually diminishes. This indirectly reflects the mod-
ulatory effect of the interlayer twist angle on structural symmetry
of MoS, /WS, heterostructure.

2.3. PFM Characterization of Twisted MoS, /WS, Heterostructure

It has been shown that for single monolayer MoS, and WS,,
the inherent inversion symmetry prohibits the formation of fer-
roelectricity. However, when the two layers are stacked together
and structurally twisted, the central inversion symmetry is dis-
rupted, resulting in the emergence of switchable vertical polariza-
tion with sliding ferroelectricity.['®! Figure 3a—d present the ver-
tical PFM phase and amplitude loops of MoS, /WS, heterostruc-
ture at a twisting angle of 1° and 53°, which demonstrates the
180° phase change and typical butterfly-shaped amplitude be-
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havior. More PFM results with different twisting angles are pre-
sented in Figure S5 (Supporting Information). To rule out the
charge effects, PFM characterizations have been performed af-
ter 72 hours, as shown in Figure S6 (Supporting Information),
confirming the stability of the ferroelectric polarization state.
These results demonstrate the out-of-plane ferroelectricity in the
MoS, /WS, heterostructure, which enables vertical polarization
switching under applied voltage. The vertical PFM phase and
amplitude hysteresis loops are asymmetrical with respect to zero
bias as a consequence of the interfacial charges and internal elec-
tric fields.l”! Subsequently, the ferroelectric polarization switch-
ing voltages (negative-bias) for varying stacking angles are quan-
tified, as illustrated in Figure 3e. The data shows an upward trend
in coercive voltage as the twisting angles increase, which demon-
strates that the ferroelectricity of MoS, /WS, heterostructure can
be modulated by twist angles. In addition, the ferroelectric polar-
ization switching voltages using positive-bias exhibits the same
trend. To verify the accuracy of this trend, more twist angles have
been selected for the repeatability measurement, as presented in
Figure 3f. The coercive voltage gradually increases with the in-
crease of interlayer twist angle, clearly determines that interlayer
twist angle can affect the ferroelectric properties of MoS, /WS,
heterostructure.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 2. SHG characterizations of twisted MoS, /WS, heterostructure. a) Optical microscope image of MoS,/WS,. b) Corresponding SHG mapping
image of MoS,/WS,. c,d) Polarization SHG intensity of MoS, /WS, under parallel (c) and perpendicular (d) polarization configurations, respectively.
e) Using an excitation wavelength of 1064 nm, SHG intensity as a function of different twisting angles and wavelengths. f) SHG intensity with twisting

angle variation.

2.4. Theoretical Calculation of Twisted MoS, /WS,
Heterostructure

To elucidate the physics mechanism of twisting angle-dependent
ferroelectric properties of MoS,/WS, heterostructure, we per-
form first-principles calculations to address the microscopic ori-
gin of ferroelectric properties. The lattice constants of monolayer
MoS, and WS, area =b =3.167 Aand a = b = 3.174 A, respec-
tively. Both of them belong to the P-6m2 layer group. After full
structural relaxation, the lattice constant of the MoS, /WS, bilayer
heterostructure includes a = b = 3.168 A. We first study the case
for the untwisted AA stacking configuration (Figure S7, Support-
ing Information). To identify the ferroelectric migration path of
the heterostructure under AA stacking, the polarization variation
of the bilayer heterostructure has been investigated when it slides
along the diagonal direction of the unit cell. As the potential en-
ergy curves reported, as shown in Figure 4a,b, where dis0, dis10,
dis20, and dis30 refer to sliding along the diagonal for 0, 1/3, 2/3,
and 1 unit-cell displacement, respectively, the minimum energy
appears at the positions of 1/3 and 2/3 in the unit cell along the
diagonal direction. The point with the most stable energy is the
position where the bilayer slides by 2/3. In addition, the vertical
polarization reverses its direction.

Since the constraint of the lattice symmetry, four different an-
gles of the bilayer heterostructure are calculated, including 21°,
13°, 9°, and 7°, respectively. These four distinct rotational con-
figurations require expansion to superlattices that are 7-fold, 19-
fold, 37-fold, and 61-fold, respectively, to ensure the symmetry
of the lattice is satisfied. Additionally, with smaller rotation an-
gles, Moiré patterns become more pronounced (e.g., at 7°). All
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four structures exhibit the C3 point group symmetry. Figure 4c
illustrates the atomic structure at a twist of 7° and 21° (differ-
ent twisting angles of the atomic structure are shown in Figure
S8, Supporting Information), and Figure 4d illustrates the poten-
tial energy surface for sliding at 21°. In the absence of a twisting
angle, the vertical polarization attains its maximum value. With
the increment of the twist angle, the magnitude of the vertical
polarization is reduced. The data in Figure 4e shows that as the
twisting angle increases, the trend of magnitude of vertical po-
larization gradually decreases; this feature is consistent with the
SHG result. Furthermore, the kinetic barriers for polarization
switching and the role of interlayer charge transfer are shown
in Figure S9 (Supporting Information). With increasing twist an-
gle, the charge asymmetry has gradually diminished, and the po-
larization component has concurrently decayed, which has been
qualitatively consistent with the suppression of polarization in-
duced by twisting.

Combining the information obtained from the above calcula-
tions, the twisting angle-dependent ferroelectric polarization can
be understood as follows. When the twisting is suppressed, the
vertical polarization in bilayer MoS, /WS, heterostructures is in-
fluenced by symmetry breaking. When the twisting angle be-
comes non-zero, a super cell with Moiré pattern of the lattice
formed. It should be noticed that the atomic structures and the
local symmetry for part of the polar region will be distorted away
from the ferroelectric untwisted configuration. The average polar-
ization of such distorted local regions will be zero in lattice, while
the percentage volume of such region will quickly increase along
with the twist angle. This results in a gradual decrease in the po-
larization value over the range of twisting angles, with a tendency

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 3. PFM measurement of twisted MoS, /WS, heterostructure. a,b) PFM phase loop and amplitude loop of MoS,/WS, with twist angle of 1°.
¢,d) PFM phase loop and amplitude loop of MoS,/WS, with twist angle of 53°. e) Twist angle dependent coercive voltage values of MoS,/WS,. f)
Reproducibility assessment of coercive voltage values of MoS, /WS,.

Adb. Sci. 2025, 12, e13738 e13738 (5 of 9) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWWOD BA1ER.D eat|dde ay) Aq peusenob ae sapiLe YO ‘8sN Jo S9Nl 1o} ARIq1T 8UljuQ AB]IA UO (SUORIPUCD-PUE-SLLIBI WD A3 1M ARe.q 1 Ul juo//Sdiy) SUORIPUOD Pue Swie 1 81 88S *[9202/20/ST] uo A%iqiauljuo A81IMm ‘INOH ON NH A LISYIAINN DINHOF LA T0d ONOM ONOH Aq 85ETS20Z SAPR/Z00T 0T/10p/W0d" A3 1M Ale.q 1 puljuo"peouenpe//Sdny WwoJj pepeojumod ‘sY ‘SZ0Z ‘v¥8E86TE


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Q
(o2

www.advancedscience.com

i 0.04 8
N /f § 7 "-\ J N A A
o= 3}
Sa20f / = o / = ,/ \ ./ \ j \
£ \ [ g | Fan L
w % s
<-40 \. / 5 g - L] ] a
=.0.04} 2t / / \
\' / E M " [ ]
50 \ Nl of « ' Y \
0 5 10 15 20 25 30 %55 0 15 20 25 30 0 5 10 15 20 25 30
Cc Displacement Displacement e Displacement
" b ~0.08L
(@
o
gooe
c
20.04
©
N
%2 Qe-9——9
O“ 0.00

0 10 20 30 40 50
Twist angle (degree)

Figure 4. Theoretical calculation of ferroelectric properties of twisted MoS, /WS, heterostructure. a,b) The case of AA-stacking, the potential energy
surface (a) and the evolution curve of the vertical polarization value (b) with sliding of the MoS, /WS, heterostructure. c) Top view of Moiré superlattice
with twist angle of 7° and 21° (purple, black, and yellow colors denote Mo atom, W atom, and S atom). d) Potential energy surface of the material during

diagonal sliding with twist angle of 21°.

for the decrease and keeping an almost constant value after 7°.
This constant value is similar to the reported ferroelectric polar-
ization value, which is still suitable for device applications.!118]
This correlation has been corroborated following comprehensive
research, thereby providing a crucial foundation for the optimal
design and performance regulation of materials.!?]

The ferroelectric switching voltage represents the minimum
voltage to reverse the polarization direction of a ferroelectric ma-
terial when subjected to an external electric field. The main mech-
anism is attributed to the nucleation and growth of new domains
when polarization reversal is achieved.?’! The magnitude of the
switching voltage has been susceptible to numerous influencing
factors, among which structural symmetry is a significant ele-
ment. In materials with high symmetry, the weaker polarization
intensity results in a relatively uniform charge distribution within
the domains, which leads to a relatively difficult nucleation and
growth process of new domains. Consequently, a higher applied
electric field is required to provide sufficient energy to switch
the direction of polarization. In contrast, in materials with low
symmetry where the polarization intensity is stronger, a lower
switching voltage is sufficient to reverse the polarization direc-
tion, which is consistent with our experimental results.[2122]

2.5. MoS, /WS, Heterostructure Based FeS-FETs

2D ferroelectric materials have an extraordinarily important de-
vice application based on FeS-FETs, where ferroelectric semi-
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e) Vertical ferroelectric polarization values for different twist angles.

conductors are used as channel materials.)] As illustrated in
Figure 5a, the configuration of the FeS-FETs with MoS, /WS, het-
erostructure is schematically depicted. The gold electrode in con-
tact with MoS, is connected to the source, the gold electrode in
contact with WS, is connected to the drain. Figure 5b shows an
optical microscope image at a twisting angle of 53°. Figure 5c de-
picts Iy-Vy, curves of the FeS-FETs with MoS, /WS, heterostruc-
ture. The gate voltage is set to a range of 0~20 V, with measure-
ments taken at 5 V intervals. The observed nonlinear I;,-V,, char-
acteristics suggest that gold forms a Schottky contact with the
MoS, /WS, heterostructure,* and more FeS-FETs devices can
be displayed in Figure S10 (Supporting Information).

Figure 5d illustrates the I -V, curve with the scanning volt-
age (-50 to 50 V) applied to the gate and bias voltage of -1 V
applied to the drain, and the inset shows the logarithmic result
of -V, curve. The -V, curve exhibits that the I value can
be obVlously changed under V,» demonstrating gate-tunable car-
rier concentration and transport within the channel. The symme-
try breaking may give rise to the formation of an electric field
at the interface, which in turn affects the charge distribution
and transport. Unilateral energy band bending occurs at the in-
terface, which induces a downward shift of the Fermi level to-
ward the valence band edge. This electronic configuration facili-
tates surface hole accumulation through majority carrier enrich-
ment, ultimately manifesting p-type transistor behavior.!?! The
hysteretic of polarization as an intrinsic response mechanism of
ferroelectric materials, which constitutes the origin of the hys-
teresis curve.[?l The red arrow indicates the direction of hystere-
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Figure 5. Electrical characterization of twisted MoS, /WS, heterostructure based FeS-FETs. a) Schematic diagram of FeS-FETs composed of MoS, /WS,
heterostructure. b) Optical microscope image at a twisting angle of 53°. c) I4s-Vy, curves of FeS-FETs. d) I4-V, curves of FeS-FETs and corresponding
MW, and the inset shows the logarithmic result of -V, curve. e) MW of FeS-FETs at different twisting angles.

sis in the curve, and the clockwise hysteresis loop demonstrates
that the MW is primarily determined by ferroelectric polariza-
tion rather than interface charge trapping.?’] It can be clearly
seen that the hysteresis in 4~V curve, exhibiting a large MW
of ~14 V, which is larger than that of typical 2D ferroelectric ma-
terials (Figure S11, Supporting Information).[?”28] The MW has
remained unchanged over 10* cycles and 10° s, as presented in
Figure S12 (Supporting Information), exhibiting the excellent en-
durance/reliability of the devices. In addition, the FeS-FETs have
been constructed at varying twisting angles, and their ferroelec-
tric MW values are quantified, as illustrated in Figure 5e. It can be
observed that the MW increases gradually as the twisting angle
rises. As shown in Figure 3e, the coercive voltage increases as the
twisting angles are added. A large coercive voltage requires a large
drive voltage to achieve the polarization reversal, thus expanding
the MW.[?%] Moreover, the FeS-FETs also offer a high mobility of
~197 cm? V-1 g7

3. Conclusion

In summary, the correlation between the ferroelectric proper-
ties and interlayer twist angle in bilayer MoS, /WS, heterostruc-
tures is established. SHG and PFM characterizations reveal that
by increasing the twist angles, the degree of symmetry break-
ing gradually decreases while the coercive voltage gradually in-
creases. Theoretical calculations attribute this modulation to the
evolution of distorted polar symmetry regions governed by Moiré
patterns. Furthermore, FeS-FETs comprising twisted ferroelec-

Adv. Sci. 2025, 12, e13738 e13738 (7 of 9)

tric MoS, /WS, heterostructure have been constructed, which
achieve the control of the electrical performance via the interlayer
twist angle with large MW. This study provides that ferroelec-
tric properties can be modulated by twisting angles, which will
bring more new conceptualizations of sliding ferroelectric mate-
rials and emerging twistronics device applications.

4. Experimental Section

Materials Preparation: The growth process was conducted in a two-
zone CVD system utilizing a 70-inch quartz tube. The chemicals employed
were molybdenum trioxide (MoOj3, 99.999%), sodium chloride (NaCl,
99.9%), and sulfur (S, 99.9%) in powder form. The precursor powders
were pre-positioned within the furnace, thereby initiating the growth pro-
cess. The temperature zone of MoO; was heated to 700 °C at a rate of
10 °C/minute and maintained at this temperature for 15 minutes. Dur-
ing the growth process, Ar gas was employed as the carrier gas at a flow
rate of 400 standard cubic centimeters per minute (sccm), the cham-
ber pressure was maintained at atmospheric condition. Similarly, WO3
(99.999%), NaCl (99.9%), and S (99.9%) powder were precursors. Gen-
erally, the S powders and WO; powders were placed on the upper stream
and downstream of the furnace, respectively. Ar gas was purged into the
chamber at 200 sccm, and the chamber pressure was maintained at at-
mospheric levels. The temperature was elevated to 780 °C and kept for
1 minute for growth. The as-grown WS, was transferred onto the MoS, by
a polydimethylsiloxane (PDMS)-assisted transfer method. The polymethyl
methacrylate (PMMA) solution was initially applied uniformly to the WS,
surface via spin coating. Once the film had undergone the drying process,
it was then subjected to an etching procedure utilizing a sodium hydrox-
ide solution. Subsequently, the etched film was transferred to PDMS. The

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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lamination of thin films onto MoS, was achieved through the 2D mate-
rial transfer stage. Finally, the PMMA residue was removed using anisole
solution.

Characterizations of MoS,/WS, Heterojunction: The Raman spectra
were obtained using a confocal microscope system (WITec, Alpha 300)
with a 532 nm laser at room temperature. The SHG response was also
measured using an automatic pre-dispersion compensation broadband-
tuned femtosecond oscillator (Coherent, Chameleon). The wavelength of
the incident laser was 1064 nm. The sample thickness was characterized
by AFM (Bruker, Multimode 8). The amplitude and phase loops of sam-
ples were measured by PFM (Bruker, Dimension Icon), the PFM tip was
maintained at a constant direct current (DC) voltage while in contact with
the MoS, /WS, surface. The external electric field generated by DC voltage
induced the ferroelectric polarization switching.

Electrical Characterization of FETs:  Gold thin film electrodes were em-
ployed in the construction of MoS, /WS, based FETs. The electrodes were
in direct contact with individual MoS, and WS,, the central overlap was
maintained. The Iy-Vys and l44-V,¢ curves of FETs were measured using
semiconductor analyzer with a probe state (Keithley 4200-SCS).

Theoretical Calculation: All first principles calculation work was car-
ried out in the frame of density functional theory implemented in the
software package VASP.[3] The interaction between ions and electrons
was described by the projector-augmented wave method.3'! The Perdew-
Berke-Ernzerhof type of generalized gradient approximation was used to
construct the electronic exchange-correlation functionals,[32] and the en-
ergy cutoff for the plane-wave expansion of the wavefunction was set to
500 eV. In the calculation of the bilayer heterostructure material, the D3
method was considered to estimate the van der Waals effects. The Berry
phase method was performed to calculate the polarization. To simulate the
monolayer sample, the vacuum layer thickness was artificially set to 18 A
to isolate the interaction between the monolayer under periodic boundary
conditions.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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