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ABSTRACT

The exploration of two-dimensional (2D) materials exhibiting out-of-plane ferroelectric and
piezoelectric properties through interlayer twist/translation or strain, known as sliding
ferroelectricity, has become a focal point in the quest for low-power electronic devices,

capitalizing on the weak van der Waals interactions. Herein, we delve into the behavior of


mailto:jh.hao@polyu.edu.hk

strained bilayer molybdenum disulfide (2L-MoS;) transferred onto a nanocone-patterned
substrate. A remarkable observation is the emergence of unexpected vertical ferroelectricity in
MoS,, irrespective of whether it was prepared using chemical vapor deposition or mechanically
exfoliated from bulk crystal. Such observation underscores the versatility and reproducibility of
the emerging ferroelectricity across different preparation methods. Furthermore, the effective
piezoelectric coefficients recorded are exceptionally high, with the values of 18.77 pm V! and
12.40 pm V! for monolayer and bilayer MoS,, respectively, outperforming most currently
discovered 2D piezoelectrics. The presence of room-temperature out-of-plane ferroelectricity in
strained 2L-MoS; is confirmed through first-principles calculations and piezoresponse force
microscopy. This ferroelectric behavior can be contributed to the symmetry breaking and
interlayer sliding within strained 2L-MoS; structure. Our findings not only deepen the
understanding of ferroelectricity in 2D materials but also pave the way for designing new 2D

ferroelectrics, thereby unlocking novel functionalities and promising ferroelectric applications.

1. INTRODUCTION

Two-dimensional (2D) ferroelectrics exhibit spontaneous electric polarization which is
switchable under an external electric field. This unique property positions ferroelectrics as crucial
components in non-volatile memory devices, transistors, and sensors'®. Despite theoretical
predictions of various 2D ferroelectric materials, only a limited number of materials, including
SnTe’, CulnP2Se8, MoTe,” a-In,Ses’?, and CuCrP,Sett, have been experimentally validated thus far.
This is primarily due to the requirement of a non-centrosymmetric atomic structure and

spontaneous polarization along specific orientations. Extensive efforts have been dedicated to



the exploration of new 2D ferroelectric semiconductors. Li et al. proposed that vertical
ferroelectricity could be achieved by artificially stacking van der Waals (vdW) bilayers with a twist
angle or relative lateral shift'?, The polarization switching in this scenario could be achieved
through interlayer translation between two parallel layers, a phenomenon known as sliding
ferroelectricity. Notably, this mechanism differs significantly from conventional ferroelectric
switching mechanism that relies on interlayer ion displacement. Since then, experimental
confirmations of such ferroelectricity have been achieved in bilayer BN'> 4, transition-metal
dichalcogenides (TMDs)*>18, and y-InSe®.

On the other hand, strain engineering has proven to be a valuable tool for modifying the
crystallographic structure and physical properties of materials?® 21, It has emerged as an effective
strategy for controlling ferroelectric properties in both traditional perovskite-based films?? and
other 2D materials!® 22, Moreover, the strain gradient is inversely proportional to its relaxation
length. The magnitude of the strain gradient and its corresponding induced effects in 2D
materials are significantly amplified when strain is applied at the nanometer scale. For example,
a strain gradient of 10°® m™ can be achieved by transferring MoS; onto a substrate with a
microbeam?* 2>, This can result in significant photovoltaic effect in centrosymmetric transferred
flakes. Additionally, strain gradients can alter polarization?® 27, control domain structures?®30,
modify hysteresis curves of ferroelectric thin films3!, and even induce large electric polarization
in paraelectric crystals through the flexoelectric effect?® 32 33,

Molybdenum disulfide (MoS,) is a prominent two-dimensional semiconductor material,
renowned for its exceptional semiconductor properties, which have facilitated its extensive use

in electronic and optoelectronic devices.3* 3. Previous studies have made significant strides in



exploring the phenomenon of sliding ferroelectricity within twisted 3R MoS; bilayers, uncovering
a range of intriguing properties and potential applications. However, this area of research
presents several challenges. A notable obstacle is the labour-intensive process required to
fabricate twisted bilayers, further complicated by the typically small sizes of the resulting
exfoliated samples. These limitations can restrict the scope of experimental research and hinder
the practical application of potential devices. In response to these challenges, our research pivots
towards exploring CVD-grown 2H MoS; samples, with a particular focus on the effects of strain
on these samples. The application of 2H MoS; in nanoscale piezoelectrics has been hindered by
its limited in-plane piezoelectric response, which is further characterized by an odd-even layer-
number dependence. However, we propose a straightforward strategy that successfully induces
a robust out-of-plane polarization in both strained monolayer MoS; (1L-MoS;) and bilayer 2H
MoS; (2L-MoS;) samples. Remarkably, this approach also facilitates the generation of
ferroelectric polarization in 2L-MoS; by employing a nanocone-patterned substrate. The
piezoelectric coefficient (dss) for strained 1L-MoS; was measured to be approximately 37.54
pm-V~1, while for 2L-MoS; it was around 24.80 pm-V~. Furthermore, we successfully achieved
polarization reversal in strained 2L-MoS; using Dual AC resonance (DART)-based piezoresponse
force microscopy (PFM) technology. First-principles calculations revealed that the origin of sliding
ferroelectricity in strained 2L-MoS; can be attributed to the lattice distortion and reconstruction
of the 2L-MoS; induced by the nanocone substrate. Building upon these findings, we fabricated
a ferroelectric tunnel junction (FTJ) and demonstrated that the reversibility of the ferroelectric

polarization in the device can modify the tunnelling current density. This work establishes a



promising strategy for designing new 2D ferroelectric materials by strain engineering and

expanding the family of 2D layered ferroelectric semiconductors.
2. RESULTS AND DISCUSSION
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Figure 1. Characterizations of transferred CVD-grown MoS; samples on the patterned nanocone

substrate. (a) Schematic illustration of the fabrication process for a strained MoS, layer on the
patterned substrate. (b) Optical microscope image of the 2L-MoS; on the patterned substrate.

The scale bar is 20 um. Comparison of Raman spectra for (c) 1L-MoS; and (d) 2L-MoS; samples



transferred on the nanocone and flat substrate. (e) The optical microscopy image and (f) the
corresponding SHG intensity map of the transferred 1L-MoS;, with half of the sample on the flat
substrate and half on the nanocone substrate. (g) The optical microscope image and (h) the

corresponding SHG intensity map of the transferred 2L-MoS; sample. The scale bars are 5um.

Detailed construction processes of strained MoS; sample are schematically illustrated in Figure
1a. In brief, MoS; sample was transferred on to the nanocone patterned substrate using the EVA-
assisted method (see details in the Methods). The optical microscope image in Figure 1b
illustrates the exceptional continuity of the MoS; samples on the fully patterned substrate with
no discernible cracks or tears. A comprehensive Raman analysis was conducted to investigate the
strain differences for 1L-MoS; and 2L-MoS; samples on the nanocone and on the flat SiO; surface.
The results are depicted in Figures 1c and 1d. The unstrained 1L-MoS; sample demonstrates two
pronounced modes: E%y5 (¥384.2 cm™) and Az (~403.1 cm?). The frequency difference between
E'gand Azgis 18.9 cm™, a typical characteristic of 1L-MoS,. By examining the redshift magnitudes
of the Raman E%,5 and A1y peaks (2.46 cm™ and 1.09 cm™, respectively), the average tensile strain
in the 1L-MoS; sample was estimated to be 0.47%3°. Besides, the unstrained 2L-MoS; sample
displayed two prominent peaks at 383.49 cm™ (Elz,) and 405.64 cm™ (A1), with a frequency
difference of 22.15 cm™. When subject to strain, the 2L-MoS; also exhibits significant redshifts in
both E%;5 and Az peaks (1.23 cm™ and 0.62 cm™, respectively), correlating with a strain of 0.3%
in the 2L-MoS; sample3®. Figure 1e shows an optical microscopy image of transferred 1L-MoS;
sample positioned across the boundary between the nanocone and flat substrate region. The left

side corresponds to the nanocone substrate, while the right side is a flat substrate. Figure 1f



reveals that both the flat and nanocone regions of the 1L-MoS; displayed second harmonic
generation (SHG) signal, which is in line with the asymmetric structure of MoS,. Notably, the SHG
response is significantly enhanced in the nanocone region compared to the flat region which can
also be observed in previous studies®’. This enhancement is probably due to the crystal lattice
deformation in the 1L-MoS; sample. To examine the broken inversion symmetry in the strained
2L-MoS;, we conducted additional SHG measurement (Figure 1g). As shown in Figure 1h, the
SHG response from the 2L-MoS; sample on the nanocone substrate is clearly visible, while no
SHG signal can be observed from the 2L-MoS, sample on a flat substrate (see Figure S1). This
implies that the strain induced by the patterned nanocone can break the symmetric structure of
2L-MoS;. Moreover, the SHG intensity of the 2L-MoS; sample is lower than that of the 1L-MoS;
sample, which is in agreement with the Raman analysis indicating a reduced tendency for strain
via the nanocone substrate as the layer thickness of MoS; increases.

DART-based PFM technology was utilized to investigate the out-of-plane polarization of
strained MoS; samples transferred on the nanocone substrate. The AFM topography of the
triangular 1L-MoS; sample covering on the nanocone substrate is shown in Figure 2a, manifesting
that the transferred sample is continuous and undamaged. To determine the effective out-of-
plane piezoelectric coefficient, tip voltages from 2.5 V to 3.5 V were applied to study the vertical
electromechanical responses of the MoS, samples. The amplitude images under different tip
voltages are shown in Figures 2b-d. Inspiringly, significant amplitude changes were observed
when different tip voltages were applied, indicating strong inverse piezoelectric effect. The
piezoresponse amplitudes in Figure 2j are obtained from the average amplitude variations

between the 1L-MoS; sample and the substrate. Through the analysis of average amplitude



variations concerning applied voltages, the 1L.-MoS, sample exhibits a remarkably high d3s¢7 value
of approximately 18.77 pm-V-1. According to previous reports, the actual piezoelectric coefficient
(d33) is roughly twice the measured d3;%7. Based on this, we can estimate the ds3 value to be
approximately 37.54 pm-V™! for strained 1L-MoS, and about 24.80 pm-V! for 2L-MoS;,
surpassing that of most reported piezoelectric materials as summarized in Table S1. Two
potential origins could contribute to this exceptional ds; coefficient. First, the tight contact
between the 1L.-MoS; sample and nanocones generates an out-of-plane polarization component
resulting from the intrinsic in-plane polarization in the 1L-MoS,. Second, the strained 1L-MoS;
induces a substantial strain gradient of over 10® m™ on the patterned substrate, which gives rise
to a noticeable out-of-plane flexoelectric polarization3® 3%, The latter shall be the predominant
factor contributing to the detected vertical polarization, given that the in-plane piezoelectric
coefficient (di11) of the MoS, monolayer is merely 3.06 pm-V-14%, In comparison, a much smaller
ds3 coefficient with the value of 3.08 pm V! was measured at flat MoS; regions (Figure S2)*'. The
weak electromechanical response from the flat 1L-MoS; sample can be attributed to the tip and
surface electrostatic interaction since neither out-of-plane piezoelectricity nor flexoelectricity is
induced.

To gain further insights into the vertical electromechanical coupling of MoS; flakes, we also
conducted comprehensive PFM measurements on 2L-MoS; samples. The 2L-MoS; sample, shown
in Figure 2e, was fabricated by transferring one chemical vapor deposition (CVD)-grown MoS;
monolayer onto another with antiparallel orientation. Subsequently, the entire 2L-MoS; sample
was transferred onto a nanocone substrate using the EVA-assisted method. It is worth noting

that the 2L-MoS; flake intrinsically possesses a centrosymmetric structure, implying the absence



of in-plane and out-of-plane piezoelectricity. Interestingly, despite its centrosymmetric nature,
we observed obvious out-of-plane polarization in the 2L-MoS; sample once it was transferred
onto the nanocone substrate. Figures 2f-i show the PFM amplitude images with increasing drive
voltages, ranging from 2 V to 3.5 V in increments of 0.5 V. The vertical amplitude responses at
the 1L-MoS; region are higher compared to that at the 2L-MoS; region, as indicated by the white
lines. The observed vertical piezoelectric responses in both the strained 1L-MoS; and 2L-MoS;
samples on the nanocone substrate highlight the presence of flexoelectricity, which differs from
intrinsic piezoelectricity and is not confined by the number of layers?> %2, As is displayed from
Figure 2k, the piezoelectric amplitudes of the MoS; samples are plotted as a function of AC driving
voltages. The curve fitting analysis yielded a linear correlation, enabling the acquisition of ds3
coefficients at ~36.9 pm V! for strained 1L-MoS; and ~24.80 pm V! for strained 2L-MoS; and
illustrating a descending trend in the d3s3 coefficients with the increasing number of MoS; layers.
This observation aligned with our SHG intensity analysis and is consistent with the findings from
previous studies'®. In order to exclude the potential influence of inhomogeneous electric fields
between the PFM tip and samples on the observed vertical piezoelectricity in the 2L-MoS; sample,
a comparative PFM measurement was carried out on 2L-MoS; samples transferred onto a flat
substrate. The results revealed consistent noise levels across different drive voltages, denoting

the absence of a piezoelectric signal in the unstrained 2L-MoS; sample. (Figure S2).
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Figure 2. Existence of vertical piezoelectricity in the strained MoS.. (a) The AFM topography of
1L-MoS;. (b)-(d) The gradient of the amplitude images, observed by PFM with the applied tip

voltages from 2.5 V to 3.5 V, reveals the remarkable vertical piezoelectricity of the 1L-MoS.. (e)
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Average piezoresponse amplitude of strained 1L-MoS; sample as a function of the applied AC
voltage. (e) The AFM topography of the transferred MoS; sample. (f)-(i) Evolution of out-of-plane
piezoresponses in the strained 1L-MoS; and 2L-MoS; samples transferred on the nanocone
substrate concerning different drive voltages. (j)-(k) Average amplitude variations versus applied

voltages. The scale bars are 5 um.

The recent discovery of strain-induced ferroelectricity in 2D materials has sparked interest in
the development of new 2D ferroelectric materials that hold promise for various electronic
devices!® 23, This discovery serves as strong motivation for us to explore the presence of
ferroelectricity in the strained MoS; samples. To verify the existence of ferroelectric behavior, it
is crucial to demonstrate the ability to switch the material's polarization through an external
electric field. Therefore, we investigated the local ferroelectric switchable behaviors in strained
2L-MoS; samples through PFM technique. Figures 3a and 3b illustrate the topography and height
profile of the strained 2L-MoS; sample with the underlying nanocones of ~60 nm in height.
Figures 3c and 3d present the PFM off-field hysteresis loops of the strained 2L-MoS; sample at
different positions of the nanocone, as indicated by the red crosses in the height analysis. The
amplitude loops exhibit a characteristic butterfly shape, while the phase loops displayed 180°
phase difference between the two polarization states, providing evidence of ferroelectricity in
the sample. Moreover, the two minima of the amplitude loop are consistent with the switching
voltages observed in the phase signal, further confirming the presence of ferroelectric nature in
the strained sample. It is noteworthy that the PFM off-field amplitude and phase responses of

the strained 2L-MoS; sample displayed neglectable variations across different positions of the
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nanocone. This observation suggests that, following the application of a threshold strain to
induce ferroelectric behavior, additional strain does not significantly influence the appearance of
polarization switching behavior in strained 2L-MoS,.Similar findings have also been reported
previously?®. To ensure that the observed ferroelectric-like hysteresis loops are not resulting
from the charging effects or ion migrations, we further conducted PFM hysteresis loops at
different AC bias (Vac) and measuring frequencies (Figure S3)*3. The results show that the coercive
voltage remained consistent regardless of the Vac amplitudes and scanning frequencies,
confirming the emerging ferroelectricity in the strained 2L-MoS,. Particularly, there was no visible
phase contrast in the strained 1L-MoS; and unstrained 2L-MoS; samples, indicating the absence
of ferroelectricity without strain engineering (Figure S4). To provide further evidence of the
ferroelectricity in strained 2L-MoS;, we modify the ferroelectric polarization direction by writing
two square patterns with opposite tip voltages (10 V). The surface morphology, PFM amplitude
and phase images after modification are displayed Figures 3e, 3f, and 3g, respectively. The clear
PFM phase contrast in Figure 3g demonstrates the switchable antiparallel polarizations, signifying
the successful bias modulation of polarization states and supporting the existence of out-of-plane
ferroelectricity in strained 2L-MoS,. In addition, similar PFM hysteresis loops can also be obtained
in 2L-MoS; sample mechanically exfoliated from MoS; bulk crystal (Figures S5 and S6) on identical
nanocone substrate. This finding further strengthens the presence of robust ferroelectric
behaviors in strained 2L-MoS;, independent of any possible defects introduced during the CVD

growth process of the MoS; samples.
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Figure 3. Ferroelectric switching of a 2L-MoS; sample transferred onto the conductive nanocone
substrate. (a) AFM topography of the 2L-MoS; sample on the nanocone and (b) the
corresponding height analysis of the nanocone across the blue dashed line with the red marked

intersections indicating the positions for subsequent PFM amplitude and phase testing. The inset
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showing a detailed schematic of the nanocone, highlighting the exact locations where PFM
measurements are to be taken. The scale bar is 400 nm. (c) PFM amplitude and (d) phase
hysteresis loops for 2L-MoS; with the DC field off at various nanocone positions. (e) AFM
topography and the corresponding PFM (f) amplitude and (g) phase images of 2L-MoS; with £10

V writing voltage in ambient conditions. The scale bars are 5 um.
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Figure 4. Polarization-dependent tunneling current versus applied bias in an FTJ device based on
strained 2L-MoS;. (a) A schematic illustration showing the conductive atomic force microscopy
(C-AFM) set-up, where a conductive Pt tip is scanned on the 2L-MoS; transferred on the Au
nanocone substrate. (b) Schematic illustration of the band diagram for the strained 2L-MoS;-
based FTJ device. (c) I-V characteristics of the strained 2L-MoS; FTJ device showing typical
ferroelectric resistive switching behaviors. The inset showing the logarithmic /-V curve. (d) I-V

characteristics of the FTJ device poled with different voltages.

To demonstrate the potential application of the ferroelectric strained 2L-MoS; flakes, we
examined the transport properties of the fabricated samples in the vertical direction by
conducting C-AFM measurements, and the corresponding experimental setup is shown in Figure
4a. Figure 4b displays the potential energy profiles for the ON and OFF states of the tunnelling
junction, indicating that the resistance in the junction is strongly dependent on the ferroelectric
polarization direction of the strained 2L-MoS; tunnel barrier. Typical I-V curve of the device was
obtained within the voltage range of £6 V, as illustrated in Figure 4c, with arrows indicating the
voltage sweep directions. Sweeping the voltage from -6 to +6 V causes the ferroelectric tunnel
junction (FTJ) device to transit from the OFF state to the ON state. Conversely, sweeping the
voltage from +6 to -6 V switches the FTJ device back to the OFF state. This behavior arises from
the effect in which a positive (negative) voltage higher than the coercive voltage (~5V) would
induce a downward (upward) switching in the ferroelectric polarization, leading to electron
accumulation (depletion) at the Pt interface and resulting in a decrease (increase) in the Schottky

barrier. Figure 4d illustrates the /-V curves within the low-voltage range for the FTJ device in the
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ON and OFF states. Negative poling with -6 V causes a reduction in the electron tunnelling current,
placing the device in a high resistance state (HRS). Similarly, positive poling by +6 V switches the
device to a low-resistance state (LRS). The ratio of tunnelling resistance between the two states
is approximately 102, which might be limited by the current compliance of the C-AFM equipment
set at 20 nA. The coercive voltage (~5 V) acquired from the /-V characteristics of the FTJ device
well aligns with the value obtained from the local PFM off-field hysteresis measurements
presented in Figure 3. The reliability of the device was confirmed through retention tests and /-V
characteristics measured after 10 consecutive voltage sweep cycles, as shown in Fig. S7. The
device was switched between low resistance state (LRS) and high resistance state (HRS) using a
DC voltage sweep. And the retention performance of the device was obtained under the read
voltage of 0.5 V. The resistance states of the FTJ device were maintained for 4000 s without
external stimuli, demonstrating that the memory is non-volatile and stable. Consequently,
strained 2L-MoS; exhibits ferroelectric properties, showing great potential for applications in
memristor devices and ferroelectric transistors. Similar /-V characteristics was also observed in

the exfoliated 2L-MoS;, sample strained via the nanocone (Figure S8).
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Figure 5. Theoretical analysis of out-of-plane ferroelectricity in the strained 2L-MoS;. (a)
Schematic illustrations of the 2L-MoS; on flat and nanocone substrates. (b) Strain map variation
of the model shown in a. (c) Schematic model of out-of-plane switching coupling in the strained
2L-MoS;. Relative energy and polarization of the 2L-MoS; stackings without (d) and with (e) strain

as a function of sliding the top layer with respect to the bottom layer along the armchair direction
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in the unit cell. The configurations AA (path 1), AB (path 3), BA (path 5) are marked and sketched

above the plots.

For further and in-depth investigation of the origin of ferroelectric polarization in strained 2L-
MoS;, we conducted theoretical calculations to simulate the strain mapping, atomic structures
and polarization behaviors. Figure 5a shows the side-view atomic structure of 2L-MoS; with AB
stacking transferred onto flat and nanocone substrates, respectively. Figure 5b presents the
strain distribution in 2L-MoS; conforming to a nanocone in which the geometry was determined
from the experimental AFM data. The most strained regions of the 2L-MoS; exhibit local strains
up to 5%, corresponds a strain gradient of around 10’ m. Such significant gradient induces local
inversion symmetry breaking in an otherwise centrosymmetric material. It is important to point
out that the strain levels indicated by our simulations are substantially higher than those inferred
from Raman spectroscopy, which provides an averaged strain value due to the finite size of the
laser spot used in optical measurements. Our computational models, which incorporate accurate
values for the elastic deformation potential of MoS; (Figure 5c), demonstrate that the large strain
induced by the nanocone promotes lattice distortion and reconstruction in 2L-MoS;, potentially
giving rise to moiré patterns. This phenomenon was also observed by other studies?*. As shown
in Figure 5d, the flat 2L-MoS; exhibits a centrosymmetric structure across all stacking
configurations, resulting in zero polarization. On the contrary, when transferred onto the
nanocone substrate (Figure 5e), the strained 2L-MoS; displays a minor, yet non-zero local dipole
density across various stacking configurations. Our findings reveal that the atomic structures of

two different stacking configurations of 2L-MoS; (AA-Py, and AB-Pgown) are differentiated by a
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lateral slide along the armchair direction. While the AA-P,, configuration exhibits an out-of-plane
polarization of 0.89 pC m, the AB-P4own configuration presents a negative value of -0.38 pC m™.
As a result, the vertical polarization in the strained 2L-MoS; could be reversed through a lateral
slide between the two monolayers that overcomes a sliding barrier of 98 meV/f.u, indicating

ferroelectric behavior.

3. CONCLUSIONS

In conclusion, this study presents a comprehensive analysis of the vertical polarization induced
by the nanocone-patterned substrate in both 1L-MoS; and 2L-MoS.. A significant finding of our
study is the unexpected emergence of vertical ferroelectricity in strained 2L-MoS,. The existence
of out-of-plane ferroelectricity was consistently observed regardless of preparation method of
the 2L-MoS,, thereby attesting to the versatility and reproducibility of our strain engineering
approach. The ds3 coefficients were carefully observed and quantified, with remarkably high
values of for strined1L-MoS; and 2L-MoS;, respectively. These extraordinary outcomes can be
attributed to the strain gradient induced via the nanocone. Furthermore, we conducted an in-
depth investigation into the strain engineering of the ferroelectric transition in the
centrosymmetric 2H MoS; semiconductor, utilizing both the PFM technique and first-principles
calculations. The sliding of MoS: layers between each other and distortion of MoS; lattice were
found to be a critical factor for the emergence of ferroelectricity in the strained 2L-MoS,. For
demonstration, a prototype of ferroelectric nanodevices has been proposed, leveraging vertical
polarization in strained 2L-MoS,, illustrating the potential for applications in non-volatile and

advanced electronics.
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4. METHODS

Growth of MoS,. CVD method was used to grow 2H-MoS; samples in a tube furnace. A mixed
powder of MoOs and NaCl (2:1) was placed in a quartz tube, and a Si/SiO; wafer was used as the
growth substrate, which was suspended in the tube. Before each growth, oxygen was removed
by purging with Ar and pumping. The growth was conducted at 750 °C with 30 sccm Ar flow at
atmospheric pressure for 8 min.

Sample fabrication. The standard polymer stamp dry-transfer technique was used to prepare
2L-MoS; samples on a modified optical microscope with a heating stage and a rotation stage. The
MoS,; monolayer was brought into contact with a glass slide with a polyvinyl alcohol (PVA) film.
The 2L-MoS; sample was prepared by stacking 1L-MoS; in an antiparallel orientation. EVA
solution (Aldrich, vinyl acetate 40 wt %, 10 wt % dissolved in xylene) was used to transfer stacked
2L-MoS; and as-grown 1L-MoS; samples onto a gold nanocone substrate (see SI Note for more
details). The transferred sample was then baked at 80 °C for 2 hours and soaked in xylene for 30
min to remove the EVA film.

Characterization methods. Raman measurements were carried out using a WITEC alpha 500
Confocal Raman system equipped with the 532-nm laser source. The Raman spectra was
collected by an Olympus 100 x objective (N.A. = 0.9) and dispersed by 1,800 with excitation laser
power lower than 1 mW. A Ti:sapphire femtosecond laser with the wavelength of 900 nm was
used to examine SHG signals of samples. PFM measurements were carried out on a commercial
atomic force microscope (Asylum Research MFP-3D), where the Pt/Ir-coated Si cantilever tips
were driven with an ac voltage under the tip-sample contact resonant frequency (~300 kHz). PFM

images and hysteresis loops were collected in the DART PFM mode. The electrical transport
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characteristics of the devices were characterized by measuring the I-V curves of the devices using
C-AFM at room temperature.

DFT simulations. All the first-principles calculations are performed by using density functional
theory (DFT) implemented in the Vienna ab initio simulation package (version 6.1.1). The Perdew-
Burke-Ernzerhof exchange-correlation functional form of the generalized gradient approximation
and the projector augmented wave potentials are adopted for the interaction between the
valence electrons and cores. The plane-wave expansion cutoff energy is set to 450 eV, and the I'-
centered Brillouin zone is sampled with 3 x 10 x 1 k-points mesh using the Monkhorst-pack
scheme. In this study, we have considered six idealized model structures based on bilayer 2H
MoS;, in which the top layers of 2H MoS; structures are slidden along the a-axis step by step,
with the aspect ratio of ripples are set as the same as the experiment. The DFT-D3 functional of
Grimme is used as vdW correction.

Modelling of strain distribution of MoS on nanocones. In this study, molecular dynamics (MD)
simulations was employed to investigate the geometric morphology of double-layered MoS;
sheets conforming to a gold nanocone-based nanostructure. The MoS; sheets are modelled as a
hexagonal honeycomb lattice with dimensions of approximately 3991.12 x 4110.84 A2, The
underlying gold substrate is represented by a face-centred cubic (FCC) lattice with a lattice
constant of 4.0783 A and features a nanocone structure on a flat gold plane, measuring 4013.52
x 4130.56 A2. The combined structure of the gold semi-sphere and cone has a diameter of 2000
A. To eliminate potential surface effects, we apply periodic boundary conditions (PBCs) along the
planar directions of the MoS; sheets, while a wall-boundary condition is used in the perpendicular

direction to prevent interactions with periodic images of the sheets. The atomic interactions
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within the system are described using a many-body reactive empirical bond order (REBO)-type
potential for Mo-S interactions*, and a many-body embedded-atom method (EAM) potential for
the gold substrate®®. For the non-bonded van der Waals’ interactions between MoS; sheets and
gold substrate, the 12-6 Lennard-Jones (LJ) potential with cutoff distance of 10.0 A is applied, in
which the LJ parameters are taken from universal forcefield (UFF) based on the Lorentz-Berthelot
mixing rules*’. Before commencing the MD simulations, we first perform energy minimization to
relax the double-layered 2H MoS; sheets. Subsequently, MD simulations are conducted for
400,000 timesteps within the NVT ensemble (constant number of particles, volume, and
temperature) to assess the strain distribution in the 2H MoS; sheets. During these simulations, a
constant force is applied to each atom of the MoS; sheets in a downward direction to ensure
proper coverage over the nanocone. It is important to note that the gold substrate remains
stationary throughout the simulation process. The motion of atoms in the system is governed by
classical Newtonian mechanics, which are resolved using the velocity-Verlet integration
algorithm with a timestep of 1.0 fs. All MD simulations are performed using the Large-scale

Atomic/Molecular Massively Parallel Simulator (LAMMPS) software package.
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Figure S1. The optical microscopy image and (e) the corresponding SHG intensity map of the 2L-

MoS; sample. The scale bars are 25 um.
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Figure S2. Out-of-plane piezoelectricity in the MoS, sample transferred on the flat conductive
substate. (a) The AFM topography of the stacked 2L-MoS, sample transferred onto the flat
substrate, and the corresponding vertical piezoresponses concerning different drive voltage of

(b) 2.5V, (c) 3V and (d) 3.5 V. (e) Average amplitude variations between the MoS; sample and

the substrate as a function of applied voltages. The scale bars are 10 um.
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Figure S3. Piezoresponse hysteresis loops of the strained 2L-MoS; sample transferred on the

nanocone substrate. PFM off-field (a) amplitude and (b) phase hysteresis loops at different

frequency. PFM off-field (c) amplitude and (d) phase hysteresis loops at ac bias.
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Figure S4. Piezoresponse hysteresis loops of the strained 1L-MoS; and unstrained 2L-MoS;

samples. PFM off-field (a) amplitude and (b) phase hysteresis loops for 1L.-MoS; at different

positions. PFM off-field (c) amplitude and (d) phase hysteresis loops 2L-MoS; at different

positions.
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Figure S5. Strained 2L-MoS; sample exfoliated from the MoS; crystal. (a) The optical microscopy

image of the exfoliated 2L-MoS, marked within a white circle. The scale bar is 10 um. (b) Raman

analysis of the exfoliated 2L-MoS, sample transferred on the nanocone substrate. (c) AFM

topography of the exfoliated 2L-MoS; sample on the nanocone substrate and (d) the

corresponding height analysis. The scale bar is 200 nm.
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Figure S6. Ferroelectric switching of a strained 2L-MoS; sample exfoliated from the MoS;
crystal. (a) PFM amplitude and (b) phase hysteresis loops for exfoliated 2L-MoS; with the DC
field off at different ac bias. (c) PFM amplitude and (d) phase hysteresis loops for exfoliated 2L-

MoS; with the DC field off at different scanning frequency.
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Figure S8. The /-V characteristics of the 2L-MoS; FTJ device after performing 10 cycles sweep

voltage at room temperature. (b) The retention characteristics of the 2L-MoS; FTJ device.
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Figure S8. The I-V characteristics of the exfoliated 2L-MoS; FTJ device.
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Table S1 Summary of piezoelectric coefficients from different materials.

Materials ds;3 Size

ZnO 12.4 bulk L
64-191
GaN nanowires 12.8 2
nm
Bent InSe 19 11 nm 3
CdsS 32.8 2-3nm 4
a-InSes 5.6 bulk >
0.72 nm
CulnP3,Ss 10.2 6
(1 layer)
SnS2 4.4 4 nm /
Strained 1L-MoS; 37.54 1 layer This work
Strained 2L-MoS> 24.8 2 layer This work
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