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ABSTRACT: Two-dimensional (2D) piezoelectricity has been extensively addressed in recent
years, which leads to great potential applications in advanced smart devices. However, the
vertical piezoelectric response of numerous 2D layered materials is theoretically absent when
applying electric field or strain perpendicular to its surface because of the inversion symmetry.

Recently, vertical piezoelectric properties of InSes, which exhibits low piezoelectric response,



were reported. Therefore, enhancing the piezoelectric performance in 2D layered materials is still
challenging. Here, we report a remarkable out-of-plane piezoelectric performance in the
InxSes/MoS:> van der Waals (vdW) heterostructure. Such a vdW heterostructure shows a high
positive value of piezoelectric coefficient d33. By combining the experimental studies and density
functional theory calculations, the excellent piezoelectric properties result from the type II band
alignment, which causes a larger interfacial dipole moment. Moreover, the high-precision
piezoelectric actuators in 2D atomic scale are demonstrated. By changing the driven voltage, the
deformation of the upper surface of piezoelectric actuators linearly modulated. Our study opens
the door to design next-generation nanoelectronics and multifunctional coupling atomic-scale

devices.
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1. INTRODUCTION

Conventional piezoelectric materials based on Pb(Zr,Ti)O; have been used in various
applications, for instance, transducers, sensors, actuators and energy harvesting, etc.!** Recently,
piezoelectricity in two-dimensional (2D) layered materials has attracted enormous interest owing
to promising unique applications in nanoscale electromechanical systems, ultrasensitive sensors,
high-precision actuators, piezotronics, piezo-phototronics and energy conversion.””!® The in-

plane piezoelectricity has been experimentally existing in monolayer MoS,,3!! WSe,,!%13

g-
C3Ng,'* SnS," and Se,'® which may not be suitable for wide applications in the vertical structural
nano-electromechnical systems. Currently, piezoelectricity in 2D material family has largely
been predicted by theoretical calculations,!”!” but still few experimental observations from
others so far. Recent studies have reported that out-of-plane piezoelectricity existed in MoSSe
and o-In>Se3, which exhibits low piezoelectric response.?’?2 Therefore, enhancing the
piezoelectric performance in 2D layered materials is still challenging. The van der Waals (vdW)
heterostructure engineering can be employed to generate the novel physical phenomena and
performance, providing an important approach to improve various physical properties of 2D
layered materials.3-2¢ To our best knowledge, there is still no experimental study on the
enhanced out-of-plane intrinsic piezoelectric performance via vdW heterostructure engineering.
Here, we report that the remarkable out-of-plane piezoelectric response is achieved in 2D vdW
heterostructure system with InoSes/MoS», which is different from in-plane piezoelectricity MoS;
restricted by edge effect and odd-even layers. In addition, physical mechanism of piezoelectric
properties of vdW heterostructure is studied. Moreover, a high-precision piezoelectric actuator in

2D atomic scale is demonstrated, which will result in unexpected applications in nanoelectronics

and atomic-scale multifunctional coupling devices.



2. EXPERIMENTAL SECTION

Preparation and characterization of samples: The InoSe; and MoS: nanosheets were prepared
using mechanical exfoliation, and the MoS; and WS> were prepared by chemical vapor
deposition. The MoOs; or WOs precursor powder and the substrate were placed at the
downstream and S powder was placed in another quartz boat in the upstream of quartz tube, and
then these powders were heated and held at their respective temperature. After chemical growth
process, the furnaces were cooled down to room temperature. The InoSes/MoS; and In2Ses/WS;
heterostructures were fabricated by dry transfer method (Scheme S1). The Raman spectra, PL
mapping and spectra of the samples were measured by Raman spectroscopy (Witec Confocal
Raman system alpha 300 R). Microstructures and chemical compositions were examined by
transmission electron microscope (JEOL JEM 2100F) equipped with EDX. The composition of
samples was obtained by using X-ray photoelectron spectroscopy (XPS, Thermol Escalab 250Xi,
Al Ka radiation). The UPS measurement was performed with regular photon energy of 21.2 eV
(Helium I). A femtosecond laser with the wavelength of 798 nm was utilized to characterize the
second-harmonic signals of samples. The PFM images were performanced on a commercial
atomic force microscope (Asylum Research MFP-3D), a tip was driven with an ac voltage (Vac =

0.2~4 V) under the tip-sample contact resonant frequency (~300 kHz).

DFT calculations: The DFT calculations were performed with the VASP code using the
projector-augmented plane wave (PAW) approach and a kinetic energy cut-off of 500 eV.
The generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional was employed to perform all calculations and Grimme’s
D3 correction was used to consider the vdW interactions.?’” The optimized lattice constant
of single layer In>Ses and MoS; is 4.10 A and 3.18 A, respectively. To have a smaller

lattice mismatch, the InoSe3/MoS> heterostructure contains a 2x2x1 supercell of In>Ses



and a 19° rotated MoS: supercell, with a total number of 41 atoms. A vacuum thickness of
20 A is added in the slab to minimize the interaction between adjacent image cells.
Geometry optimization was performed with a force convergence criterion of 0.01 eV/A.
Monkhorst Pack k-grid sampling of 5x5x1 was used for geometry optimization in the

heterostructures.

3. RESULTS AND DISCUSSION

3.1. Structural Characterizations of a-In>Ses;. Each o-InoSe; quintuple layer contains the
atomic lattices stacked in the sequence of Se-In-Se-In-Se. Figure 1a shows the atomic structure
of the a-In2Ses. The middle position of the Se atom shifted off-center breaks the centrosymmetry,
leading to out-of-plane piezoelectricity. In order to evaluate the piezoelectric performance in a-
InySes, we prepared the a-InoSe; nanosheets which were exfoliated from bulk materials. The
optical microscopical and corresponding atomic force microscope images of exfoliated In2Ses
nanosheets are shown in Figure S1, Supporting Information. To characterize the structure of the
InzSes, Raman spectroscopy is widely used by the characteristic Raman vibration modes. Figure
1b reveals thickness dependance of Raman spectra of In,Ses;. Typically, the a phase In»Ses
exhibits two characteristic Raman peaks at 180 cm™! and 195 ¢m™!, corresponding to A(LO)
mode. In addition, it is noted that a phase In2Ses also includes two additional Raman peaks
below 150 cm™! which are near 90 cm™! and 104 cm ™!, relating to E mode and A(LO+TO) mode
(Figure S1, Supporting Information), which is in agreement with earlier work.?! To characterize
the elemental composition and chemical environment in the In;Ses, X-ray photoelectron
spectroscopy (XPS) spectra of InoSes are shown in Figure 1c. The XPS spectra show that the
signatures of In and Se elements corresponds to In and Se 3d states, implying excellent purity of

the samples. The atomic ratio of In/Se is further confirmed by elemental mapping and energy



dispersive spectroscopy (Figure 1d,e; Figure S1, Supporting Information), which is consistent
with XPS result. The structural characterization of InoSe; was measured from transmission
electron microscopy (TEM). Figure 1f shows TEM image of In,Se; nanosheets and the inset
presents the selected area electron diffraction (SAED) pattern of InoSes. The symmetric
diffraction pattern validates a phase In,Ses with hexagonal structure.

3.2. Piezoelectric Properties of a-In2Ses. Piezoresponse force microscope (PFM) is usually
used to measure the converse piezoelectric response which represents out-of-plane deformation
by applying a vertical electric field. Piezoelectric materials are deformed under applied electrical
field, which will result in the amplitude change generated in PFM imaging. The piezoelectric
coefficient ds3 is to quantify the piezoelectric properties of samples. To obtain a quantitative
estimation of the true piezoelectric response and minimize the contribution from
nonelectromechanical effects, a background subtraction method is employed. In addition, the
samples fabricated on non-piezoelectric substrates (SiO2/Si) could eliminate background
contribution of the measured In>Se; signal. Here, we used PFM to measure the out-of-plane
piezoelectricity of InoSes onto SiO2/Si substrates. As shown in Figure 2a-e, we observe a clear
piezoelectric contrast in the In»Se;. The obvious contrast can not result from the surface
topographic or electromechanical artefacts, because the substrate does not give visible contrast
with the coincident measurement condition. The PFM amplitude images reveal strong
piezoelectric responses, demonstrating the existence of out-of-plane piezoelectricity in InaSes
due to the non-centrosymmetric structure. The non-centrosymmetric structure of InzSes is further
confirmed by second-harmonic generation (Figure S2, Supporting Information). In addition, the
vertical PFM amplitude increases with increasing voltages. The relationship between vertical

amplitude and applied drive voltage for In>Se; is plotted (Figure 2f), and the piezoelectric



coefficient ds3 can be directly obtained from the fitting slope. The out-of-plane piezoelectric
coefficient d33 of 80 nm InzSes onto Si02/Si substrate is estimated to be around 7.6 pm/V, which
is similar to the reported value.?? In addition, the piezoelectric coefficient d33 decreases with
decreasing the layer-number (Figure S2, Supporting Information), and the decrease of
piezoelectric response with reducing number of layers may be due to the substrate constraint.
Typically, the out-of-plane piezoelectric response of most-common 2D compound materials
MoS:; is theoretically absent due to its inversion symmetry. For comparison, we carried out the
piezoelectric response of the chemical vapor deposition (CVD) grown monolayer MoS, by PFM.
We do not observe the obvious piezoresponse signal because of its symmetry structure (Figure
S3, Supporting Information). In addition, the monolayer MoS; nanosheet was prepared by
mechanical exfoliation and measured by the same PFM measurement. Similarly, no obvious
vertical piezoelectric signal is obtained, also confirming the accuracy of the vertical piezoelectric
measurements (Figure S4, Supporting Information).

3.3. Piezoelectric Properties of In»Se3/MoS; vdW Heterostructure. To estimate the
piezoelectric properties of In2Ses/MoS: vdW heterostructure, we prepared the In>Ses/MoS;
(Raman and PL spectra of InpSes/MoS: are shown in Figure S5, Supporting Information) and
measured its piezoelectric properties. As shown in Figure 3a-h, the obvious piezoelectric
contrast can be seen in the In;Se3/MoS: heterostructure, and the piezoelectric response signal
increases with varying the drive voltage (Figure S6, Supporting Information). The piezoelectric
coefficient d33 of In2Ses/MoS: heterostructure is estimated to be approximately 17.5 pm/V. In
addition, the thickness dependence of the piezoelectric coefficient d33 of In2Se3/MoS; is shown in

Figure 31. The piezoelectric coefficient d33 shows the increase trend with increasing the layer



number. When the nanosheet thickness exceeds 40 nm, the related piezoelectric coefficient
sequentially increases to a relative saturated value.

3.4. Physical Mechanism of Piezoelectric Performance. The enhanced piezoelectric
properties of In2Ses/MoS, vdW heterostructure could be achieved, which is attributed to large
band offset.?® The piezoelectric effect can be controlled by the interfacial polarization charges,
which is relevant to the band alignment with offset. The atomic structure of In>Ses/MoS: is
shown in Figure 4a. The large band offset of the conduction band minimum (CBM) and the
valence band maximum (VBM) between InoSe; and MoS; atomic layers leads to large electric
polarization, as shown in Figure 4b. To understand the energy band between In,Ses and MoSa,
the ultraviolet photoelectron spectroscopy (UPS) spectra were carried out, as shown in Figure
4c-f. By linearly extrapolating the secondary electron cut off edge of the UPS spectra to the
baseline, the energy of the cut off edge is observed to be 16.9 eV. The work function (¢) of the
InySes is calculated to be 4.3 eV, according to the equation g=hv-Ecuorr With the incident photon
energy hv=21.2 eV. In addition, the VBM is performed by linearly extrapolating the onset edge
of the UPS spectrum to the baseline, the difference between the Fermi energy and the valence
band is found to be 1.15 eV. Similarly, the work function (¢) of the MoS: is calculated to be 3.9
eV and the valence band maximum is determined to be 1.25 eV. According the bandgap of
InxSes and MoS», a large band offset of In,Ses and MoS: is found to be 0.8 eV (Figure 4b). The
large band offset leads to a strong polarization which results in the remarkable piezoelectricity of
the In2Se3/MoS: heterostructure.

It is noted that the above work function and VBM information are measured in isolated In>Se;
(or transition metal dichalcogenides), the combination of In,Ses and individual MoS, material

may cause different band alignment due to the charge transfer at the interface of the InoSes/MoS:



heterostructure.?’-32 To figure out the influence of the interfacial charge transfer and the possible
screening effect on the band alignment, we calculate the band structure and differential charge
density of the InoSes/MoS: heterostructure. The calculated bandgap of the InoSes and MoS; is
respectively 0.83 and 1.83 eV, slightly smaller than the experimental measured optical bandgap
of 1.38 eV and 1.86 eV respectively. The PBE calculated bandgap usually underestimates the
actual bandgap due to the complicated self-interaction error arising in the occupied states in
standard density functional theory (DFT). A more accurate bandgap could be obtained with the
many-electron quasi-partical GW calculations. However, the computation is prohibitive in our
supercell heterostructure system. From the calculated band structure, it is found that when the
polarization is pointing towards the MoS; layer, the heterostructure’s band structure forms the
type I band alignment (Figure 5a), that is, the CBM and VBM of In,Ses is completely within the
bandgap of MoS:. On the other hand, the heterostructure has the type II band alignment when the
polarization of In;Ses is point upward away from the MoS: (Figure Sb). The CBM is contributed
by the In2Ses layer and the VBM is contributed by the MoS: layer in the type II band alignment,
which will enhance the total polarization due to the additional interfacial dipole moment as
shown in Figure 5d, the large charge transfers in the type II band alignment causes a larger
interfacial dipole moment. By comparing the calculated total energy, we notice that the structure
where the polarization is pointing upward is more stable than that has the polarization downward,
with an energy gain of 70 meV. Based on the large energy gain, it is expected that type II band
alignment could be formed in the experimental heterostructure. Compared to single InzSes, the
type II band alignment is more helpful for the interfacial charge transfer of vdW heterostructure.
The DFT calculation is also consistent with the experimental band alignment obtained from the

UPS measurement if the vacuum level is used as a reference level.



In addition to the In»Ses/MoS> vdW heterostructure, we also applied the heterostructure
engineering to other 2D materials such as WS, to determine the piezoelectric properties.
Similarly, a smaller piezoelectric performance in the In2Ses/WS> vdW heterostructure is acquired
due to smaller band offset (Figure S7, S8, and S9, Supporting Information), which exhibits its
potential for establishing a wide range of 2D material heterostructures with multifunctionalities.

The calculated piezoelectric coefficients of the In»Ses/MoS, with the polarization pointing
towards MoS: (P1) and away from MoS; (P2) are shown in Table S2, Supporting Information.
Compared with the monolayer In,Ses, the in-plane piezoelectric coefficient is of similar value,
but the out-of-plane piezoelectric coefficient is significantly enhanced in the In2Ses/MoS:
heterostructure. A similar trend is also found in the InoSes/WS;, although the exact value is
smaller.

3.5. Piezoelectric Actuator Applications. The most important application of the piezoelectric
material is in an actuator where the strain is induced by an electric field. The development of
high-precision actuators will facilitate the precise location down to nanometer scale, which have
been used for wide applications, such as scanning probe microscopy.’> To reveal the
experimental vertical piezoelectricity and estimate the deformation under applied dc voltage, for
simplicity, we have designed the subatomic deformation actuators based on the measured
piezoelectric properties of InoSes. We estimate the thickness dependent piezoresponse loops of
InzSes; shown in Figure S10, Supporting Information. The effective out-of-plane piezoelectric
coefficient d33 of In2Se; is estimated to be around 90.6 pm/V. To compare with the experimental
observed piezoelectricity and deformation of In>Ses, we employed a 3D finite element (FE)
model with COMSOL Multiphysics. The simulation model consists of a round In,Ses; sample

with thickness of 11 nm (~11 layers) and diameter of 30 nm. A direct current voltage was

10



applied on the upper surface of the sample and the lower surface was electrical grounding (U=0)
and fixed constraint in z direction (displacement u=0). For In,Ses material, the used elastic
matrix Cj was set to the unstrained elastic constants as list in Table S3, Supporting Information.
Deformation of 11 nm thick In,Se; sample is shown in Figure 6a with —8 V voltage applied. By
changing the driven voltage from —8 V to —1 V, the deformation of the upper surface along the x
axis linearly decreased from +0.008 nm to —0.001 nm (Figure 6b). Figure 6c shows the
simulation results of a strained InSe; mapping with different voltages applied to its upper
surface. When we decreased the thickness of InoSe; sample from 11 nm to nearly monolayer (1
nm), vertical deformation changed linearly under different voltage (Figure 6d).

Currently, transition metal dichalcogenides are intrinsically in-plane piezoelectricity, which
results from the lack of inversion symmetry along in-plane direction. For example, in-plane
piezoelectricity only exists in odd-layer and zigzag-edge for typical 2D materials MoS», and the
piezoelectric response significantly reduces and disappears with increasing layer numbers.
Meanwhile, the out-of-plane piezoelectricity in the MoS: theoretically yields no piezoelectric
response thanks to its centrosymmetric structure. Moreover, several reported 2D piezoelectric
materials are commonly limited to the in-plane direction of odd-number ultrathin layers and the
piezoelectric response significantly reduced and disappears with increasing layer numbers, which
largely restricts their broad applications. Very recently, the polar symmetry alteration at the
interface was found to induce the out-of-plane piezoelectricity, which was experimentally
studied in metal-semiconductor heterostructure.” The present work demonstrates that the
piezoelectric coefficient ds3 of combined In2Ses/MoS: vdW heterostructure system is larger than
the individual In,Se; and MoS,.22 Meanwhile, the piezoelectric coefficient ds3 is also larger than

that of the widely used piezoelectric thin films and ultrathin piezoelectric materials (Table S1,
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Supporting Information).3*3> It is noted that the reported ds3 is the high positive piezoelectric
coefficient value in the 2D layered piezoelectric materials. Moreover, typical 2D materials are
flexible and easy to be integrated with conventional integrated circuits or
microelectromechanical systems. As a result, designing and constructing the vertical
piezoelectricity in the novel 2D heterostructure will explore the rich physics and unique
possibilities of the 2D piezoelectric materials, which will expand and create the

unprecedented applications of 2D piezoelectric materials.

4. CONCLUSIONS

In summary, we have demonstrated superior out-of-plane piezoelectric coefficient d3; of
approximate 17.5 pm/V for In»Ses/MoS: vdW heterostructure. The enhanced piezoelectric
properties of InoSe3/MoS: are ascribed to a larger interfacial dipole moment result from the type
II band alignment. In addition, the vdW heterostructure can be extended to other 2D materials
like WS,. Moreover, the atomical deformation actuator based on out-of-plane piezoelectricity is
demonstrated. As a result, current study opens an alternative approach in designing novel

multifunctional coupling atomic-scale nanoelectronics devices.
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Figure 1. Structural characterizations of a-In,Ses. (a) Atomic structure of In,Ses. (b) Thickness
dependent Raman spectra of InoSes. (¢) XPS spectra of InoSes. (d-e) Elemental mapping of In
and Se. (f) High-resolution TEM image of In,Ses; and the inset shows SAED pattern of In>Ses

(scale bar, 3 nm).
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Figure 2. Amplitude images of InoSes onto SiO2/Si substrate with different drive voltages. (a)
The surface topography and height profile of InoSes exfoliated onto SiO2/Si substrate, scale bar,
2.5 um. (b) 1 V; (c) 2 V; (d) 3V;(e)4V; (f) Piezoelectric amplitude versus drive voltage loop.
The fitted linear line displays that the out-of-plane d33 is ~7.6 pm/V.
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Figure 3. Piezoelectricity in InoSes/MoS> vdW heterostructure. (a) Surface topography and the
inset shows the height profile of 40 nm In»>Se; fabricated onto monolayer MoS> (scale bar, 1.5
um). The PFM amplitude images of InoSes/MoS». (b) 1 V; (c) 2 V; (d) 3 V. The larger scale PFM
amplitude images of In2Ses/MoS; (scale bar, 5.5 um). (e) 1 V; (f) 2V; (g) 3V, exhibiting
remarkable piezoelectricity. (h) Amplitude versus drive voltage loop of In2Ses/MoS;

heterostructure. (i) Thickness dependence of the piezoelectric coefficient ds3 of In2Ses/MoS,.
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Figure 4. Energy band diagram of vdW heterostructure. (a) Atomic structure of In2Se3/MoS,. (b)
Schematic band structure of In,Se3/MoS;. (c-d) UPS spectra of InoSes. (e-f) UPS spectra of MoS,.
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Figure 5. DFT calculations. (a) Atomic structure and band structure of the In»Ses/MoS»
heterostructure when the polarization of In,Se; is pointing downward. (b) The atomic structure
and band structure of the In2Ses/MoS: heterostrucutre with polarization pointing upward. The
charge density difference between the heterostructure and its components is plotted overlap
above the atomic structure, An=nmase3/Mos2-MIn2se3-AMos2, the red and the blue colours denote the
charge accumulation and deplection, respetviely. (c-d) is the plane-averaged differential charge

density of (a-b), respetively.
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Figure 6. Simulation of the atomical deformation actuator based on out-of-plane piezoelectricity.
(a) Deformation of 11 nm In>Ses with an applied voltage of —8 V. (b) Deformation of upper
surface of InoSes at different applied voltage. (c) Surface deformation of InpSe; at different

voltages. (d) The thickness dependence of surface deformation for the InzSes.
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