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and biomedicine.'*””] Typically, the 2D
layered materials, such as MoS,,?°!
WSe,,1% SnS,M and MXene,[?! have
in-plane piezoelectricity due to the lack
of inversion symmetry along the in-
plane direction. In particular, in a num-
ber of reported 2D piezoelectric mate-
rials, such as MoS,, the out-of-plane
piezoelectric responses are commonly
limited to odd-numbered layers, and
their magnitude would gradually re-
duce or even vanish with increasing
the number of layers. Additionally, the

Two-dimensional (2D) layered piezoelectric materials have attracted
enormous interest, which leads to wide applications in stretchable electronic,
energy and biomedicine. The piezoelectric properties of 2D materials are
mainly modulated by strain, thickness, defect engineering and stacked
structure. However, the tunability of piezoelectric properties is typically
limited by the small variation within one order of magnitude. It is challenging
to obtain high tunable piezoelectric properties of 2D materials. Here, this
study reports that the out-of-plane piezoelectric properties of 2D van der
Waals In,Se; are significantly manipulated using interface engineering. The
variation value of piezoelectric properties is above two orders of magnitude,

giving rise to the highest variation value in the 2D piezoelectric materials
system. In particular, the 2D materials In,Se; can be directly fabricated onto
silicon substrate, which suggests its compatibility with the state-of-the-art

extensive applications of in-plane 2D
piezoelectric materials are constrained
when integrating with standard semi-

silicon semiconductor technology. Combining the experimental and
computational results, this study reveals that the ultrahigh tunable
piezoelectric properties result from the interface charge transfer effect. The
work opens the door to design and modulate the unprecedented applications

of atomic-scale smart and multifunctional devices.

1. Introduction

Piezoelectricity in two-dimensional (2D) materials has attracted
much interest owing to wide range of promising applications
in stretchable electronics, actuators, piezocatalysis, piezotronics

conductor substrates like silicon, be-
cause the modulation of stress needs
to stretch the substrates to generate
the in-plane strain. Recently, out-of-plane
piezoelectricity in the 2D material fam-
ily has been reported in In,Se,, MoSSe,
CulnP,S,, and NbOL,.[1>-16] However, the
variation of piezoelectric properties is
typically within one order of magnitude with low tunable piezo-
electric response.[17-21]

In this study, we report that a giant out-of-plane tunable piezo-
electric response can be achieved in In,Se; via interface engi-
neering, which exhibits the highest variation value in the 2D
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Figure 1. Structural characterizations of a-In,Ses. a) Atomic structure of In,Se;. b) Raman spectrum of In,Se;. c) High-resolution TEM image of In,Se;
and the inset shows large-scale image. d) SAED pattern of In,Se; and the inset shows the atomic structure. e,f) Elemental mapping of In and Se.

piezoelectric material system. In addition, the 2D piezoelectric
material In,Se, is directly fabricated onto a silicon substrate,
which can easily integrate with the silicon-based technology. Fur-
thermore, we reveal that the physical mechanism of the ultrahigh
tunable piezoelectric properties is related to the charge transfer
of the interface. The significant tunable piezoelectric response
of 2D materials via interface modulation will lead to unexpected
applications in atomic-scale smart and multifunctional coupling
devices.

2. Results and Discussion

The 2D material In,Se; possesses different phases due to the
stacking sequence of the layer. Among these phases of In, Se;, the
« phase In, Se, exhibits strong out-of-plane piezoelectric proper-
ties. A single a-In, Se, layer includes the atomic structure stacked
in the order of Se-In-Se-In-Se. Figure 1a shows the atomic struc-
ture of the a-In,Se,;. The middle layer of the Se atom shifted
off-centre brings the absence of mirror symmetry, giving rise
to vertical piezoelectricity. To verify the phase of In,Se;, Raman
spectroscopy is employed to characterize the structure by the
characteristic Raman vibration modes. Figure 1b reveals the Ra-
man spectrum of In,Se; samples, the a-In,Se; displays three
main Raman peaks at 181, 196 and 204 cm~!, which are as-
sociated with the A(LO) mode. Furthermore, a-In,Se; also in-
cludes two more Raman peaks below 150 cm~!, which are lo-
cated close to 89 and 104 cm™!, corresponding to the E mode
and A(LO+TO) modes.!3] To characterize the structure of In, Se,
samples, the structural characterization of In,Se; was character-
ized through transmission electron microscopy (TEM). Figure 1c
displays TEM images of In,Se; while Figure 1d presents the se-
lected area electron diffraction (SAED) pattern of In,Se;. The
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diffraction pattern with sixfold rotational symmetry supports that
In,Se; has the hexagonal symmetry. Through elemental map-
ping and energy dispersive spectroscopy (Figure 1e,f; Figure S1,
Supporting Information), the atomic ratio of In/Se is verified,
and the results indicate that the atomic ratio of In/Se is ~2/3.
Typically, the piezoelectric properties of 2D materials are mea-
sured through piezoresponse force microscopy (PFM). Based
on the measurement of the converse piezoelectric response, the
samples are deformed under an applied vertical electrical field,
which causes the amplitude variation in the PFM imaging. The
samples piezoelectric properties are usually estimated using the
piezoelectric coefficient d,;. A background subtraction method
is used to quantify the genuine piezoelectric response and re-
duce the contribution from non-electromechanical influences.
As shown in Figure 2, the piezoelectric response in In,Se; ex-
hibits a distinct colour contrast. Because the substrate does not
provide a visible contrast under the same experimental condi-
tions, this apparent colour contrast does not arise from topo-
graphical, mechanical, or electrochemical artefacts. PFM ampli-
tude images exhibit a distinct piezoelectric response due to the
non-centrosymmetric structure, resulting in out-of-plane piezo-
electricity in In,Se;. As the drive voltage increases, the vertical
PFM amplitude of In,Se, increases (Figure S2, Supporting In-
formation). The piezoelectric coefficient d,; can be obtained from
the relationship between the amplitude and drive voltage using
A =dgVQ, where A, d.g, V, and Q denote the amplitude, effec-
tive piezoelectric coefficient, drive voltage, and quality factor, re-
spectively. When the indentation of the PFM tip make the contact
section with the sample less than the tip radius of 25 nm, the
value of piezoelectric coefficient d,; is approximately twofold than
dog11 To quantitatively determine the vertical piezoelectric coef-
ficient d,; of In, Se, on the Pt substrate, the relationship between
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Figure 2. Vertical piezoelectricity of a-In,Se; onto Pt substrate. PFM amplitude images of In,Se; with different drive voltages a) 0.5 V; b) 1V;c) 1.5V,

d) 2V; e) 2.5V;f) 3V, scale bar, 0.3 um).

the piezoelectric amplitude and applied drive voltage is presented
in Figure S3 (Supporting Information). Additionally, PFM ampli-
tude images of different In,Se, samples fabricated onto Pt sub-
strate substrates are exhibited in Figure S4 (Supporting Informa-
tion), which exhibits similar results. Moreover, the PFM ampli-
tude images of In, Se, fabricated onto p-type Si and n-type Si sub-
strates are shown in Figures S5-S11 (Supporting Information).
To demonstrate the vertical piezoelectric properties controlled
by the interface effect, the thickness-dependent vertical piezoelec-
tric properties ds; of In, Se; with different interface environments
such as Pt, p-type Si, and n-type Si substrates are shown in Figure
3. The piezoelectric coefficient d,; of In, Se; enhances with an in-
creasing thickness, and the piezoelectric coefficient d;; sequen-
tially increases to a relatively saturated value when the thickness
exceeds “100 nm. Figure 4 presents the enlarged piezoelectric
properties d,; of few-layer In,Se, on different substrates (Pt, p-
type Si and n-type Si substrates). The piezoelectric coefficient d;;,
of In,Se; on the Pt substrate ranges from 0.3 to 8.85 pm V7!,
producing the variation in the piezoelectric value of ~29.5. The
definition of the piezoelectric change value is the ratio of the
maximum value of piezoelectric coefficient/the minimum value
of piezoelectric coefficient, which corresponds to ds; .. /@33 min-
The piezoelectric coeflicient d,; of few-layer In,Se; on the Si
substrate is lower than that of In,Se; on the Pt substrate, and
the tunable piezoelectric coefficient d,; of In,Se; on the p-type
Si substrate changes from 0.014 to 9.19 pm V~!, exhibiting the
variation piezoelectric value of ~650. As comparison, the piezo-
electric coefficient dy; of In, Se; on the Au substrate is measured
from 0.89 to 5.98 pm V! under the same experimental condi-
tion (Figures S12-S15, Supporting Information), showing a vari-
ation in the piezoelectric value of ~6.7, which is similar to the re-
ported result.l'>17] Tt is noted that the piezoelectric coefficient d;,
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of In,Se; on different substrates can be remarkably modulated
by constructing diverse interfaces.

To understand the physical mechanism of tunable piezoelec-
tric properties with interface engineering, we performed den-
sity functional theory (DFT) calculations on the electronic struc-
tural properties of In,Se, samples. According to experimental re-
sult, we constructed the corresponding heterojunctions of In, Se,
with Pt and Si. Figure 5 shows the fully optimized structures,
where the interface distance of In,Se, and the substrate are 2.24
and 2.36 A in a-In,Se,/Pt (111) and «-In,Se,/Si (111), respec-
tively. A vacuum layer of 20 A along the z-axis is added to avoid
the interaction of layers. To quantitively examine the amount of
charge transfer, the plane-averaged differential charge density Ap
is calculated uSing Ap = (pheterojuction - p1n2553 - th/Si) /Sy where
Pheterojuction Prn,se, 304 ppyys; are the charges of a-In,Se; /Pt (111)
and a-In,Se;/Si (111) heterojunctions, a-In,Se; and Pt (111) or
Si (111) layer, respectively. The differential charge density and
corresponding plane-averaged differential charge density in z di-
rection shown in Figure 6 are used to evaluate the interlayer
charge transfer in a-In, Se; /Pt (111) and a-In, Se, /Si (111) hetero-
junctions. From the differential charge density distribution dia-
gram (Figure 6a,b), it is obviously that the interlayer charge trans-
fer in the a-In,Se,;/Pt (111) is stronger than that of a-In,Se,/Si
(111). Besides, the shorter interlayer distance in a-In,Se,/Pt
(111) heterojunction indicates that the stronger coupling than
a-In, Se; /Si (111) heterojunction. To further quantitatively eval-
uate the strength of charge transfer between layers, we inte-
grated the plane-averaged differential charge density of In,Se,
layer along the z direction (Figure 6¢,d). The integral results show
that the amount of transferred charge move from a-In, Se; to Pt
(111) layer is ~0.57 e~ in a-In,Se;/Pt (111) heterojunction. Dif-
ferent from the a-In,Se,/Pt (111) heterojunction, the direction
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Figure 3. Thickness-dependent piezoelectric properties ds; of a-In,Se; onto different substrates: a) Pt; b) p-type Si; c) n-type Si.
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Figure 5. The optimized structures of a) a-In,Se; /Pt (111) and b) a-In,Se; /Si (111) heterojunctions. The orange, purple, green, and blue balls represent
Pt, In, Se and Si atoms, respectively.
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of charge transfer in a-In, Se;/Si (111) heterojunction is from Si
(111) layer to a-In,Se; and the amount of transferred charge is
~0.14 e~ which is smaller than a-In, Se, /Pt (111) heterojunction.
According to our previous result, the charge transfer between
ferroelectric In,Se; and semiconducting layer can form the ad-
ditional interfacial dipole moment, leading to the enhancement
of out-of-plane piezoelectric properties.['?!] The charge trans-
fer in a-In,Se;/Si (111) heterojunction is smaller than that of
a-In,Se; /Pt (111) heterojunction, which corresponds the piezo-
electric coefficient d,; of a-In,Se; onto Si substrate is than that
of a-In, Se, onto Pt substrate. The different charge transfer phe-
nomenon in two heterojunctions is well consistent with the ex-
perimental result.

The piezoelectric properties of 2D materials can be manipu-
lated in terms of strain, thickness, elemental substitution, and
defect engineering approaches. However, the tunable piezoelec-
tric properties of 2D materials are difficult to achieve through
these methods. Typically, the variation in the piezoelectric value
of 2D materials via the thickness difference is approximately less
than 20, such as In,Se;,!'3] SnS, 18] InSe, 19221 CdS,12] WSe,, 23]
CulnP,S,,?* and NbOIL,.I"] The variation piezoelectric value of
2D MoS, and MoTe, with defect modulation can only be changed
by less than 2.2526] In addition, the tunable piezoelectric value
of MoO, with defects from electret formation during synthe-
sis is ~7.8.127) According to DFT calculations, the out-of-plane
piezoelectric coefficient d;; depends on the stacking sequence
in multilayer MoSTe,[?®] and the variation piezoelectric value is
~2.4. The 2D materials can also stack with similar 2D layers
to form heterostructures, in which their piezoelectric properties
are larger than that of the individual materials,['23% for in-
stance In,Se,/MoS,, In,Se;/WS,, and SnS,/SnS, but the vari-
ation in the piezoelectric value is still lower than 10. Using
DFT calculations, the MoSeTe/WSTe heterostructure can be con-
trolled in a stacking order-dependent manner, and the tunable
value is also ~2.5 for multilayer Janus structures of transition
metal dichalcogenides.3!l Recently, vertical piezoelectricity and
ferroelectricity are found in untwisted MoS,/WS, heterostruc-
ture by chemical vapor deposition growth. The piezoelectric per-
formance is varied from 1.95 to 2.09 pm V~! through modulat-
ing the phase from 2H-like to 3R-like MoS,/WS, heterostruc-
ture, and the tunable value of piezoelectric properties is also less
than 2.2] In typical perovskite oxide, the tuning d;; value of de-
formed BaTiO; sample was a factor of ~19 times compared with
the undeformed referred sample.32] Therefore, the variation in
the piezoelectric properties via these methods is limited by one
order of magnitude. In this work, we can significantly modulate
the piezoelectric properties of 2D materials In,Se; via interface
engineering. The variation value of piezoelectric properties d;;,

7650, which demonstrates the highest variation value in the
2D piezoelectric materials system, as shown in Figure 7. More
importantly, the In,Se, samples are fabricated onto silicon sub-
strates, which are compatible with silicon semiconductor tech-
nologies. In addition, the variation value of piezoelectric proper-
ties d,; onto different substrates display distinguishable change,
which is able to use for detecting the carrier doping type such p-
type, n-type semiconductor and metal. The unprecedented tun-
able piezoelectric properties make 2D materials highly attrac-
tive for advanced piezoelectric applications that include pressure
sensing, piezocatalysis, piezotronics, and energy harvesting.
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Figure 7. Comparison of tunable piezoelectric performance of 2D
materials.

3. Conclusion

In summary, we have demonstrated a giant tunable piezoelec-
tric coefficient d;; for 2D layered piezoelectric materials In, Se,
via interface modulation. An out-of-plane variation piezoelectric
value of In,Se; is around 650, exhibiting the ultrahigh variation
value in the 2D piezoelectric materials system. In addition, 2D
piezoelectric materials can be directly fabricated onto silicon sub-
strate, which is compatible with silicon technology. Combining
the DFT calculation, the giant variation piezoelectric value is at-
tributed to the charge transfer of the interface. As a result, our
study opens an alternative approach in designing and manipu-
lating novel smart and multifunctional devices.

4. Experimental Section

Preparation and Characterization of In,Se; Samples: The In,Se;
nanoflakes were fabricated using mechanical exfoliation method with
scotch tape. Raman spectroscopy was used to determine the sample’s
Raman spectrum. With the aid of transmission electron microscope
equipped with energy dispersive X-ray (EDX) analysis (JEOL JEM-2100),
microstructures and chemical compositions were studied. On a commer-
cial atomic force microscope (Asylum Research MFP-3D), PFM measure-
ments were performed, and a tip was applied by an ac voltage (V,. =
0.573 V). Using the dual AC resonance tracking (DART) mode, PFM im-
ages were captured. In dual frequency resonance tracking mode, piezore-
sponse loops were gathered.

DFT Calculations: The heterojunctions optimization and electronic
structure calculations were performed using Vienna ab initio simula-
tion package (VASP) based on density functional theory (DFT).[3334] The
exchange-correlation functional was described by generalized gradient
approximation (GGA) within the framework of Perdew-Burke-Ernzerhof
(PBE).33] The atomic forces were less than 0.001 eV A~" during the struc-
tural relaxations and the electronic energy convergence criteria was set
to be 107 eV in electronic self-consistent calculation. The energy cutoff
was set to 400 eV for the plane-wave basis expansion and the I'-centered
k-point sampling was set to 5 X 5 X 1and 7 X 7 X 1 for two different
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heterojunctions. The van der Waals (vdW) interactions of heterojunctions
were taken into consideration by the DFT-D3 method.[3®! To minimize the
lattice mismatch, it choose 2\/§>< 2\/§ Pt (111) with the 3 X 3 a-In,Se;
unit cell and 3 x 3 Si (111) unit cell with 3 X 3 a-In,Se; to build the a-
In,Se; /Pt (111) and a-In,Se;/Si (111) heterojunctions, respectively. This
study used a N atomic to substituted doping the 3 X 3 Si (111) to match
the actual experiment.
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