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Two-dimensional materials with out-of-plane (OOP) ferroelectric and piezoelectric properties are
highly desirable for the realization of ultrathin ferro- and piezoelectronic devices. We demonstrate
unexpected OOP ferroelectricity and piezoelectricity in untwisted, commensurate, and epitaxial
MoS2/WS2 heterobilayers synthesized by scalable one-step chemical vapor deposition. We show
d33 piezoelectric constants of 1.95 to 2.09 picometers per volt that are larger than the natural OOP
piezoelectric constant of monolayer In2Se3 by a factor of ~6. We demonstrate the modulation of
tunneling current by about three orders of magnitude in ferroelectric tunnel junction devices by
changing the polarization state of MoS2/WS2 heterobilayers. Our results are consistent with density
functional theory, which shows that both symmetry breaking and interlayer sliding give rise to the
unexpected properties without the need for invoking twist angles or moiré domains.

T
he rational vertical integration of two-
dimensional (2D) materials has led to
exciting condensed matter effects that
have openeddifferent avenues of research.
These interesting effects are a conse-

quence of the interactions between the layers
of atomically thin materials that give rise to
moiré superlattices, hybrid electronic structures,
and breaking of the usual crystal symmetries (1).
Materials such as graphene and bilayer 2H
MoS2 are centrosymmetric (2). In contrast,
odd numbers of layers of 2Dmaterials such as
MoS2 are noncentrosymmetric, belonging to
the �6m2 point group (or D3h), and therefore
exhibit in-plane (IP) piezoelectricity. Non-
centrosymmetric 2D materials also generate
second harmonic emission that can be used
to confirm the absence of inversion symmetry.
The magnitude of the IP piezoelectric compo-
nent, referred to as d11 (or d22 if the armchair
direction of the lattice is indexed as 2), has
been estimated to be ~2.5 to 4 pm V–1 for
single-layer MoS2 (3). Materials of the �6m2
point group do not exhibit out-of-plane (OOP)
piezoelectricity (4).
OOP piezoelectricity in 2D materials has

been reported in few-layered In2Se3 (5) and
by introducing chalcogen vacancies in MoTe2
(6). Theoretical studies have explored the piezo-
electric properties of transition metal dichalco-
genide (TMDC) alloys when assembled into

vertical heterostructures (7). Recently, ferro-
electricity has been observed in twisted layers
of hexagonal boron nitride (h-BN) and TMDCs
(8, 9). The origin of ferro- and piezoelectricity
in twisted bilayers arises from the formation
of moiré lattices and interlayer sliding (10).
Ferro- and piezoelectricity have also been ob-
served in rhombohedral homobilayer TMDCs
(11). However, OOP piezoelectric and ferro-
electric effects in epitaxially grown, untwisted,
commensurately stacked, laterally large ver-
tical heterostructures of 2D TMDCs have not
been experimentally reported.
We have developed a simple one-step chem-

ical vapor deposition (CVD) process to grow
commensurate MoS2/WS2 heterobilayers on
SiO2 substrates that possess measurable OOP
ferroelectricity and an OOP piezoelectric com-
ponent d33, even though individual layers of
WS2 and MoS2 have d33 = 0. We explain this
observation by taking the heterobilayer to be
one crystal system with its own point group.
In the case of the CVD-grown MoS2/WS2
heterobilayers we studied, the point group is
3m (or C3v), which lacks the vertical sym-
metry to nullify OOP strain effects and thus
possesses a nonzero d33 component that has a
magnitude of up to 2.09 pm V–1. A special
subgroup of piezoelectrics are also ferro-
electric; that is, their internal electric polar-
ization can be switched between two stable
states via an external electric field. Ordinary
2D TMDCs are not known to exhibit any
ferroelectric characteristics (12). The classi-
fication of MoS2/WS2 heterobilayers as 3m
point groupmaterials suggests that they could
be ferroelectric. We confirm this via piezo-
response measurements at room temperature.
We demonstrate ferroelectric tunnel junctions
(FTJs) based on MoS2/WS2 heterobilayers,
which use the switchability of the ferroelec-
tric to control the tunneling current density
through the device (13).

We show an example of our CVD-grown
heterobilayers (Fig. 1), which shows smaller
WS2 triangles (lateral dimensions of ~10 mm)
draped by a larger MoS2 monolayer (lateral
dimensions of up to 200 mm). The size and
shape of the triangles can be changed through
variations in the growth recipe [see texts S1
and S2 (14)]. We performed detailed Raman
analysis from different regions on the sample
(Fig. 1B), which shows pure single-layer MoS2
(region labeled as a, IP vibrational mode E′ at
~383 cm–1 and OOP vibrational mode A′1 at
~403 cm–1). The triangles labeled with b show
Raman signals from both MoS2 and WS2 (E′
mode of WS2 at ~355 cm

–1 and its A′1 mode at
~417 cm–1 along with the MoS2 peaks). We
also show a scanning electron microscope
(SEM) image of a large MoS2 layer covering a
smaller WS2 triangle (Fig. 1C). We obtained
cross-sectional high annular angle dark field
scanning transmission electron microscope
(HAADF-STEM) images from two regions
(Fig. 1C, labeled d and e). MoS2 and WS2 can
be easily distinguished in our cross-sectional
STEM images by the higher contrast of the W
atoms that make the WS2 layer noticeably
brighter than the MoS2 layer. Bright-field
STEM (BF-STEM) images provide additional
evidence of the bilayer structure (see text S3).
We performed chemical analysis of the het-
erobilayers using energy-dispersive x-ray
spectroscopy (EDS) to confirm the chemical
composition of the heterobilayers (see text
S4). The larger MoS2 layer draping over the
edge of the WS2 layer is clearly visible in the
cross-sectional image (Fig. 1D). The interior
region of the bilayer (Fig. 1E) clearly shows
an MoS2 layer on top of WS2. We also col-
lected additional photoluminescence (PL)
and selected-area electron diffraction (SAED)
data about the CVD-grown materials (see
text S5).
We studied the stacking angle betweenMoS2

andWS2 by second harmonic generation (SHG)
emission (Fig. 1G) (texts S6 and S7), which
depends directly on the interlayer rotation
angle q (15). MoS2 and WS2 exhibit broad
absorption at energies above 2.5 eV (16); thus,
incident photons with a wavelength of 900 nm
(1.37 eV) readily induce SHG emissions of
450 nm (2.74 eV) in both layers. In short,
SHG emissions interfere entirely construc-
tively (bright signal) when q = 0° where the
stacking sequence is similar to the 3R stack-
ing in TMDC crystals (Fig. 1H). Conversely,
when the stacking angle is q = 60° (or 180°,
300° and so on because of three-fold rotation
symmetry of TMDCs around the c axis) as in
the 2H-phase TMDCs, the layers interfere
entirely destructively and produce a dark
signal.
Vertical bilayer heterostructures are often

associated with the appearance of moiré pat-
terns, which can have a substantial impact
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on their piezo- and ferroelectric properties. In
our case, the epitaxial heterobilayers do not
show anymoiré patterns (see text S8). Briefly,
naturally grown bilayer TMDCs in either 2H
or 3R stacking do not showmoiré superlattices
because their layers are commensurate. This
property is not exclusive to homobilayers.MoS2
and WS2 have virtually identical lattice param-
eters (16, 17) and as a consequence, hetero-
bilayers of MoS2 and WS2 with a twist angle of
n ⋅ 60° (with n being an integer) also do not
show moiré superlattices. Our heterobilayers

grown by CVD naturally align with each other
in energetically ideal arrangements (i.e., epi-
taxially), consistent with epitaxially grown
WSe2/MoSe2 heterobilayers (18) that also
show an absence of moiré patterns because
they also possess identical lattice constants.
Commensurate stacking of different TMDC
monolayers cannot yet be achieved by artificial
stacking. A small difference in lattice constant
between MoS2 and WS2 of 0.01 Å has been
reported, but studies have shown that heter-
obilayers with lattice constant differences of

up to 2% can become commensurate during
the CVD growth. An example is CVD-grown
monolayer graphene onNi(111), which, despite
a small lattice mismatch, reproduces a 1×1
commensurate heterolattice (19).
We show (fig. S9A) the edge of two hetero-

bilayers with the same orientation. At this
scale, outlines ofmoiré patterns would become
apparent in artificially stacked bilayers with
small stacking angles. However, this is not the
case for our CVD samples. The corresponding
fast Fourier transform (FFT) spectrum of the
image shows a single hexagonal crystal pattern
similar to the SAED pattern (fig. S6D). Moiré
patterns are also absent in the STEM image
of another sample (fig. S9B) of 3R-like and
2H-like heterobilayers. We collected the FFT
spectra for the entire image, the individual
3R-like and 2H-like stacked heterobilayers
as well as that of only MoS2. All four FFT
spectra are the same, which suggests no mis-
alignment or twisting between the two layers.
We therefore do not need to invoke twist-
ing or moiré lattices to describe the origins of
piezo- and ferroelectricity in our CVD-grown
heterobilayers.

Piezoelectric mapping

Both 3R-like and 2H-like MoS2/WS2 hetero-
bilayers can be treated as materials belonging
to the 3m (or C3v) point group that should
exhibit a nonzero OOP piezoelectric constant
d33 and potentially be ferroelectric. We have
therefore investigated both properties using
piezoresponse forcemicroscopy (PFM) (DART-
SS-PFM mode, Asylum Research) (14, 20). In
short, we created an alternating electric field
(at voltage VAC) locally using a conductive
atomic force microscope (AFM) tip, which
causes piezoelectric materials to deform and
themagnitude of the deformation ismeasured
andmapped. For PFMmeasurements, we trans-
ferred heterobilayers onto conductive substrates
to avoid electrical charging during the mea-
surements. We show SHG maps of triangles
with different vertical stacking arrangements
(Fig. 2A) and their corresponding AFM images
(Fig. 2B). The two different stacking arrange-
ments ofMoS2/WS2 heterobilayers appear very
similar in the AFM. We performed resonance-
amplified PFM to obtain the OOP piezoelectric
constant, mapping the results at different volt-
ages between 1.2 and 2.0 V (Fig. 2C). We set the
color scale of the PFM maps such that the
mean height change of the pure MoS2 is zero,
and its color is green. This helps to account
for possible electrostrictive effects from the
background because MoS2 by itself does not
exhibit OOP piezoelectricity. The results show
that with increasing voltage, the color contrast
between the MoS2/WS2 heterobilayer and the
pure MoS2 monolayer significantly increases
(Fig. 2C). That is, notable OOP piezoelectricity
is indicated by the red color in the PFMmaps.
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Fig. 1. CVD-grown MoS2/WS2 heterobilayers. (A) Optical microscope image of the as-grown heterobilayers
showing smaller (~10 mm) WS2 triangles draped over by a larger (~200 mm) MoS2 layer. The thicknesses
of the triangle edges were measured by AFM to be 0.6 nm—the thickness of a TMDC monolayer.
(B) Raman spectra from a and b regions labeled in (A). The a regions show typical MoS2 signals, whereas
the b region shows both WS2 and MoS2 peaks. (C) Planar SEM image of a typical as-grown triangle. The
two yellow rectangles d and e indicate regions selected for cross-sectional STEM imaging as shown in (D) and
(E), respectively. (D and E) In region D, the MoS2 layer draping over the brighter WS2 layer is observed.
In region E, a uniform bilayer consisting of MoS2 on top of WS2 can be seen. (F) Optical microscopy image of
MoS2/WS2 triangles across a large MoS2 cluster. (G) The corresponding unfiltered SHG intensity map.
Note that there is no bare SiO2 substrate visible in the image. The MoS2/WS2 triangles appear either very
bright or very dark across the map. The black lines are single-crystal domain boundaries of the large
MoS2 monolayer. Bright triangles always point toward the nearest domain boundaries; dark triangles point
away from them, as indicated by the red lines. (H) Relationship between SHG intensity and vertical stacking
angle q. Dark triangles are labeled 2H-like and bright triangles 3R-like.
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The average of the vertical piezoelectric defor-
mation Dz of multiple 2H-like and 3R-like
triangles was obtained by rigorous statistical
analysis (see text S9) to find the piezoelectric
height change on the vertical heterostruc-
tures relative to the background. We plotted
the Dz distributions for both the background
and heterobilayers below each PFM map to
show that the distance between the back-
ground and triangle distributions increases
with increasing voltage, as we expected for
OOP piezoelectricity. The distribution for
the triangles also gets broader. This trend is
because the real value of d33 varies slightly
across the area of a triangle, and these slight
differences multiplied by an increasing volt-
age VAC result in ever greater contrast be-

tween the extremes of Dz . We have plotted
the average of Dz as a function of VAC for
both stacking types along with their respec-
tive linear fits (Fig. 2D).
The OOP piezoelectric component can be

calculated using d33 ¼ @ Dz
� �

=@VAC. We find
d33 = 1.95 ± 0.2 pmV–1 and 2.09 ±0.2 pmV–1 for
2H-like and 3R-like stackedMoS2/WS2, respec-
tively.We compare this to other experimentally
obtained piezoelectric constants of other 2D
materials (Table 1). We find that our mea-
sured data are similar in magnitude to the IP
d11 piezoelectric constant of monolayer MoS2
and substantially larger than the OOP d33
constant of monolayer a-In2Se3 (5). We also
see that the stacking orientation of the hetero-
structure has a slight influence on its piezo-

electric constant. As a result of the difference
in stacking, the relative positions of W, Mo,
and S atoms are different, which ultimately
influences the magnitude and direction of the
internal polarization. Spurious OOP piezo-
electric effects can arise when the root mean
square (RMS) roughness is higher than the
thickness of TMDCs (>1.5 nm) (21). The AFM
images (Fig. 2B) show that this is not the case
in our samples because the heterobilayers are
atomically smooth with RMS surface rough-
ness of ~0.1 nm. This value is considerably
less than the thickness of the heterobilayer,
hence the OOP deformation we reported is
intrinsic.

Ferroelectric hysteresis

The observation of a piezoelectric response in
MoS2/WS2 heterobilayers does not necessarily
imply the presence of ferroelectricity; however,
the 3m point group classification indicates
that it is possible (12, 22). Room-temperature
ferroelectricity in stacked large-area CVD-
grown TMDCs could open up possibilities
for exciting electronics applications. We thus
investigated the ferroelectric response of
the heterobilayers (Fig. 3). First, we applied
the DART-SS-PFM hysteresis method to our
sample (14). The OFF-field phase loop (Fig.
3A) shows the typical shape obtained from
domain switching in ferroelectric materials.
The polarization switching occurs at the co-
ercive voltage of ~VDC = ±3 V in the hetero-
bilayers. The corresponding OFF-field Dz
loop exhibits the typical ferroelectric butterfly
shape. Generally, the OFF-field piezoresponse
hysteresis loops are used to investigate the
ferroelectric performance to avoid spurious
electrostrictive and electrochemical forces
that can otherwise also cause piezoresponse
loops that appear similar to ferroelectric
ones (23). The butterfly loop is slightly off-
set toward the negative voltage direction.
This behavior is indicative of small influ-
ences from nonferroelectric artifacts, such
as charge injection, which is a common fea-
ture in ultrathin ferroelectrics (24). A phase
loop is also apparent in the corresponding
ON-field hysteresis loops (Fig. 3B), although
it is more abrupt. The ON-field Dz loop ap-
pears as a large V-shape with a small butter-
fly pattern. These two shapes show that the
ferroelectric and electrostrictive deformation
coexist as long as a strong unidirectional
electric field is present. Some nonferroelectric
materials such as Al2O3 exhibit piezoresponse
hysteresis loops even in OFF-field loops, which
can be mistaken to be of ferroelectric origin
(25, 26). We show through variation of the
drive voltage VAC that the ferroelectricity we
observed is intrinsic (see text S10). We provide
further evidence of ferroelectricity through
domain writing (14). We poled a large area
of the heterobilayer (with –8 V tip bias) and
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Fig. 2. PFM data of MoS2/WS2 heterobilayers on a conductive Pt-coated substrate. (A) SHG maps
showing the triangles that were chosen for the PFM measurements. The upper triangle is largely 2H-like. The
lower triangle is 3R-like. (B) AFM maps of the 2H-like and 3R-like triangles. The materials are atomically

smooth with RMS roughness of ~0.1 nm. (C) Real piezoelectric height change Dz maps of both triangles,
measured at different drive voltages VAC. The distributions below each map show the piezoelectric height
change for the MoS2/WS2 triangles (red) and the surrounding monolayer MoS2 (green). (D) Plot of the
average values of Dz as a function of VAC.

Table 1. Overview of several 2D materials and their measured piezoelectric constants.

Material Piezoelectric constant Experimental value (pm V–1)

2H-like MoS2/WS2 d33 1.95
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

3R-like MoS2/WS2 d33 2.09
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Monolayer MoS2 (35) d11 3.78
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Monolayer WSe2 (36) d11 5.2
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Monolayer a-In2Se3 (5) d33 0.34
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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a smaller square within that area (+8 V tip
bias). These shapes are outlined in the phase
and amplitude maps performed after poling
(Fig. 3, C and D). They show a strong change
in both the phase direction as well as the PFM
amplitude in the designated areas.
To translate the fundamental ferroelectric

properties into a practical demonstration, we
measured the properties of FTJ devices based

on the heterobilayers. The VDC-dependent tun-
neling current in a FTJ can be substantially
modified by poling the device prior to mea-
surements (Fig. 3E). The device characteristics
are also similar to ferrodiode behavior as re-
ported by Liu et al. (27). Thus, although we
use the term FTJ to describe our device, dis-
tinguishing between the two requires addi-
tional observations. In this case, negative

poling with –5 V diminishes the electron tun-
neling current and puts the device in a high-
resistance state (HRS), whereas positive poling
of +5 V puts it in a low-resistance state (LRS).
The ratio of the tunneling resistance between
the two states reaches a value of 102 to 103. We
show schematically how modification of the
tunnel barrier with polarization of the ferro-
electric (13, 28–30) increases or decreases the
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Fig. 3. Ferroelectricity in MoS2/
WS2 heterobilayers. Piezoelectric
hysteresis loops were measured by
applying DC voltage sweeps from
–5.5 to +5.5 V at 2.7 V AC drive
voltage using DART-SS-PFM.

(A) Phase and Dz hysteresis loops
with the DC field OFF. (B) Phase and
Dz hysteresis loops with the DC
field ON. (C and D) Two square-
shaped domains were written onto a
heterobilayer triangle with –8 V for
the outer square and 8 V for the
inner square. The entire triangle is
outlined by a dotted white line for
clarity. The phase map (C) and PFM
amplitude map (D) show that the
poled areas, marked by dashed
yellow outlines, do not extend
beyond the boundaries. (E) Polar-
ization-dependent tunneling current
versus applied DC field through an
FTJ device. The tunneling current
is strongly dependent on the previ-
ous poling voltage. The ratio
between the low- and high-
resistance states (LRS and HRS) is
102 to 103. (F) Schematic of the
tunneling potential barrier change
for the LRS and HRS states
for an FTJ. Electron tunneling is
reduced when the device is poled
with a negative voltage, and
increased with a positive poling
voltage. (G) Switching voltage
program applied to an FTJ for more
in-depth analysis. A negative poling
voltage pulse of –3.5 V is applied,
followed by three positive voltage
pulses with increasing magnitudes of
1 V, 3 V, and 3.5 V. (H) The
corresponding I-V loop. The arrows
indicate the direction of the
current change.
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tunneling current (Fig. 3F) (31, 32). We have
modeled our FTJ as a dual-slab made up of
the MoS2/WS2 bilayer sandwiched by plati-
num slabs (see text S11). To reflect the real
experimental setup, we increased the distance
between the bilayer and the top electrode by
2 Å to model their weak interaction (fig. S11,
E to H). Further, we have repeatedly applied
a resistance-switching voltage program to an
FTJ (Fig. 3G) to test for robustness. For each
measurement cycle, we applied a strong neg-
ative voltage pulse (–3.5 V) to the sample to
ensure that it is poled in the HRS. Then, we
applied three positive voltage pulses of 1 V,
3 V, and 3.5 V. The resulting tunneling cur-
rent measurements (Fig. 3H) show that the
negative voltage induces HRS. The application
of the 1-V pulse increases and decreases the
current along the HRS curve without forming
an open loop. Once the 3-V pulse is applied,
an open loop is created where the sample
switches from HRS to LRS, and the 3.5-V
pulse simply follows the LRS curve without
any open loop because resistance switching
has already occurred. These measurements
confirm that a voltage of at least the coercive
voltage is needed to switch between the FTJ
states, in accordance with the PFM data from
Fig. 3A. More detailed poling experimental
data on the same and other devices can be
found in (14). Our overall hysteresis results
indicate that MoS2/WS2 heterobilayers, as a

3m point group material, exhibit ferroelectric
properties at room temperature.

Crystal symmetries

TMDCs are known to show IP piezoelectric
properties but no OOP piezoelectric proper-
ties (4, 33). In accordance with the rules of
group theory (see text S13), bilayer 2H MoS2
belongs to the �3 2

m (or D3d) point group. We
depict a schematic model of its crystal struc-
ture (Fig. 4A), which includes an inversion
center. Ferroelectricity and piezoelectricity
(also SHG) do not occur if an inversion center
is present in a crystal. The 2H-like MoS2/WS2
heterobilayer (Fig. 4B) crystal structure is like
bilayer 2H MoS2 with the exception that Mo
atoms are replaced with W atoms in the bot-
tom layer. This makes a substantial differ-
ence to the crystal symmetry but does not
lead to the appearance of moiré patterns
because the lattice parameters of the two
materials and their epitaxial growth are sim-
ilar. As a result, all symmetry transforma-
tions that exchange atoms between the top
and bottom layers become invalid, including
the inversion center. The symmetry trans-
formations that are left put the heterobilayer
into the 3m (or C3v) point group. The same
symmetry transformations also apply for
3R-likeMoS2/WS2 (Fig. 4C) Hence, both stack-
ing types belong to the same point group.
The 3m point group has exactly one nonzero

OOP piezoelectric constant, d33. 3m point
group materials also classify as polar mate-
rials because they have a unique rotation
axis, no inversion center, and nomirror plane
perpendicular to the rotation axis (12). This
allows ferroelectricity to be possible from a
geometric standpoint.

Theoretical derivation of strain-piezoelectric
constant and mechanism of ferroelectric
switching

Wemeasured the strain-piezoelectric constant
(d), which cannot be directly obtained from
density functional theory (DFT) calculations.
However, we can derive it from the stress-
piezoelectric constant (e) and the elastic con-
stant tensor (C) using the relation d = eC–1,
which can be obtained from DFT calculations.
The OOP component of the strain piezo-
electric constant tensor d33, as measured in
our PFM experiment, is theoretically derived
from d33 ¼ C11 þ C12ð Þe33 � 2C13e31½ �= C11þð½
C12ÞC33 � 2C2

13� (see text S14).
We determined the vertical strain piezo-

electric constants of 2H-like and 3R-like
MoS2/WS2 heterobilayers to be 2.28 pmV–1 and
2.40 pm V–1, respectively. Both the absolute
values of the two d33 constants, 2.28 and
2.40 pmV–1, and their difference, 0.12 pm V–1,
are close to experimentally measured values
(i.e., 1.95, 2.09, and 0.14 pm V–1, respectively).
According to our calculations, both hetero-

bilayers showspontaneousnonzeroOOPelectric
polarizations, namely Pout[2H-like] = 0.44 pC
m–1 and Pout[3R-like] = 0.60 pC m–1. Switch-
ing their OOP polarization directions is not
likely to be accessible by vertically moving
any atoms, but could be achieved by a lateral
sliding between the two monolayers in each
of the heterobilayers, showing ferroelectric
behavior. We show that the atomic structures
of two stacking configurations (i.e., AA-up
and AA-down) of the 3R-like heterobilayer
differ from one another by a 1.83 Å lateral slid-
ing along the armchair direction (see text S15).
ConfigurationAA-uphas anOOPpolarization of
0.60 pCm–1 that is 1.9meV/f.u.more stable than
configuration AA-down with a negative value
of –1.45 pCm–1. An external electric field over
2.4 V/nm could switch their relative stability
and thus, together with thermal excitation at
finite temperatures, trigger the sliding occur-
rence surmounting a 16meV/f.u. barrier, which
accompanies reversal of polarization direction,
displaying an explicit ferroelectric switching
behavior.
The interfacial differential charge densities

(DCD, a measure of charge variation at the
interface) of two related AA-like (i.e., 3R-like
for our particular case) stacking configurations
of the heterobilayers explicitly show charge
redistribution between the top and bottom
layers that are illustrated as separation of the
red (electron accumulation) and green (electron
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Fig. 4. Crystal symmetry models. (A to C) Schematic representation of bilayer 2H MoS2 (A), 2H-like (B),
and 3R-like heterostructure (C) of MoS2/WS2 from three different perspectives as indicated by the
coordinate axes. The c direction (out-of-plane direction) is along the z axis, the zigzag direction is along the
x axis, and the armchair direction is along the y axis.
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depletion) regions (Fig. 5). Their line profiles
show explicit electric polarization at the in-
terfaces and the direction of polarization is
switchable under lateral sliding of one layer
across roughly one-third of the unit cell. Our
calculations give a switchingbarrier of 16meV/f.u.
This is comparable to the value of 9 meV/f.u.
predicted by Li et al. (34) in BN bilayers where
the authors used the sliding mechanism. This
mechanism was also used to explain those ex-
perimentally observed ferroelectric effects by
Stern et al. (10) and Yasuda et al. (9) in a tem-
perature range from 4.2 K to 300 K.

Conclusion

This work demonstrates that ferro- and pi-
ezoelectricity can be found in untwisted com-
mensurate bilayers consisting of monolayers
of MoS2 and WS2. The heterobilayer is easy
to grow in large quantities through a one-
step CVD process, which does not require any
precision transfer method or setup to real-
ize, and can be scaled through variations
in the growth recipe. Previous research on
heterostructure ferroelectricity relied on

the local moiré structures. In contrast, our
material is free from any periodic superstruc-
ture and can be explained by a group theory
approach for each entire bilayer type. This
approach could be applied to other bottom-up
heterostructures.
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Fig. 5. Charge density plots. (A and B) Interlayer differential charge density for the up (AA-up) and down
(AA-down) polarizations, respectively. An iso-surface value of 7 × 10–5 e/bohr3 was used. (C and D) Their
line profiles along z, respectively.
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Untwisted heterobilayers
Stacking two-dimensional materials can lead to a range of interesting and useful properties. For example, the
emergence of piezo and ferroelectricity can occur by twisting the layers relative to each other. Rogée et al. used a
different strategy for obtaining these sorts of properties by stacking alternating layers of molybdenum disulfide and
tungsten disulfide, which breaks symmetry without requiring twisting. The authors show that these vapor-deposited
heterobilayers can be made into a ferroelectric tunnel junction device. —BG
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