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Abstract

Piezoelectricity in two-dimensional (2D) materials have received particular attention
because of their great potential in realizing nanoscale piezotronic devices. However,
most 2D layered piezoelectric materials found so far possess only in-plane
piezoelectricity and require the induction of stress by bending flexible substrate, which
limits their integration with conventional rigid substrates such as silicon wafer.
CulnP>Ss is a promising 2D layered material that has attracted widespread devotion due
to its diverse excellent properties including out-of-plane ferroelectricity and high
stability at room-temperature. However, comprehensive investigation of
piezoelectric effect in 2D CulnP2Se and its relevant piezoelectric device application is
still at an initial stage compared to the extensive investigation of its ferroelectricity.
Herein, we perform a quantitative analysis of the large out-of-plane piezoelectricity in
multilayer CulnP»S¢ and therefore demonstrate the device application for 2D
piezoelectric nanogenerator (PENG). Few-layer CulnP>S¢ nanosheet shows a high ds3
piezoelectric coefficient of 17.4 pm/V, outperforming other 2D layered piezoelectrics
currently reported. Moreover, the PENG based on a single CulnP>S¢ nanoflake
illustrates a maximum piezoelectric current and voltage responses of 1.7 nA and 12 mV,
respectively. The experimental results are discussed based on the piezotronic effect.
The strong piezoelectric response achieved in 2D CulnP2S¢ nanosheets warrants their
potential to be adopted for future strain-modulable nanoelectronic and piezotronic

devices integrated with silicon-based chips.
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1. Introduction
Emerging two-dimensional (2D) van der Waals (vdW) layered materials, which possess

multiple exceptional properties such as excellent carrier mobility and mechanical
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flexibility compared to their bulk counterparts, show immense potential as
multifunctional electronic materials in the coming nano era[l1-3]. In recent years,
extensive experimental and theoretical studies have been conducted, resulting in the
discovery of many extraordinary phenomena in 2D layered materials including
topological, photovoltaic, ferroelectric, piezoelectric and superconducting properties[4-
11]. Among various functionalities, 2D materials possessing piezoelectricity widely
employed for applications in energy harvesters, actuators, sensors, and piezoelectric
field-effect transistors are relatively scarce. Due to the ultrathin dimension and the
remarkable mechanical endurance against large strain, 2D piezoelectric materials are
promising to be employed for nanoscale devices achieving high performance and low
power consumption, motivating researchers to explore novel low-dimensional
piezoelectric materials with strong electromechanical effects[12-22].

Since the discovery of 2D piezoelectricity in MoS, by Wang’s group [18], theoretical
calculations and experiments have been carried out to predict or observe
piezoelectricity in atomically thin layers, such as monolayer transition metal
dichalcogenides (TMDCs)[13, 17, 23], 2D wurtzite structures (ZnO, CdS, etc.) [24-27],
monolayer group IV monochalcogenides[28], and Group-V binary compounds[29].
Unfortunately, the piezoelectric polarization in the new members of piezoelectric
family is currently restricted to the in-plane direction, largely limiting their possibilities
to be integrated into vertical nanoelectronic device systems. Moreover, most of the
reported 2D layered piezoelectric materials exhibit layer-dependent piezoelectric
properties. For instance, in-plane piezoelectricity only exists in the monolayer or few-
layer TMDCs and declines in the piezo-polarization strength with increasing layer
thickness[13, 15]; while some 2D materials possess odd-even-layer dependency in
which the piezoelectric responses can only be observed in odd-layers[13, 30, 31].
Therefore, researchers have drawn great efforts in searching novel 2D layered materials
with longitudinal piezoelectricity. Until now, out-of-plane piezoelectricity has been
theoretically and experimentally reported in several 2D materials such as buckled
group-1II-V monolayers (d31: 0.02 to 0.6 pm/V), Janus group-III chalcogenide
monolayers (d31: 0.07-0.46 pm/V), SnS; (d33: 2.2-5 pm/V), 3R-MoS; (0.7-1.5 pm/V)
and a-Inx>Ses (d33: 0.34-5.6 pm/V)[ 16, 20, 24, 32-35]. Nevertheless, their piezoelectric
coefficients are rather small compared to the conventional out-of-plane piezoelectric
perovskite materials, and therefore the discovery of more 2D vdW layered materials
with robust piezoelectric effect is highly desired for the development of efficient
nanoscale piezotronic devices.

Recently, a vdW layered material CulnP>S¢ (CIPS) has been demonstrated to possess
room-temperature ferroelectricity from bulk crystal to ultrathin samples of ~4 nm[36].

Through theoretical and experimental studies, You et al. revealed the origin of the
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negative out-of-plane piezoelectricity in CIPS which is rarely observed in the
piezoelectric family[37]. The piezoelectric and electrostriction coefficients of bulk
CIPS single crystal was quantitatively measured to be much higher than that of most
existing intrinsic layered piezoelectric materials. However, the piezoelectric effect of
this vdW layered material when approaching the 2D limit has not been fully elucidated,
and the potential applications in the nanoelectronics utilizing their piezoelectric
properties still remain unexplored. Herein, we quantitatively and systemically evaluate
the thickness-dependent large out-of-plane piezoelectric coefficients in 2D CIPS
nanoflakes down to ~3.5 nm using the piezoresponse force microscopy (PFM)
technique. More importantly, the piezotronic effect in CIPS nanoflakes is demonstrated
under compressive stresses and we explore the investigation of 2D CIPS-based vertical
piezoelectric nanogenerators and evaluate their device performances towards practical
piezoelectric applications, which is not yet addressed in earlier studies. Our work
reveals the strong longitudinal piezoelectricity in 2D CIPS nanoflakes and its great
potential in nanoscale piezotronic and energy harvesting applications on rigid substrates

such as Si wafer.

2. Material and methods

2.1 Material preparation and characterizations

Bulk CIPS and a-In>Ses single crystals were purchased from 2D Semiconductors USA
and HQ Graphene company, respectively. Ultrathin films were fabricated by
mechanical exfoliation with scotch tape onto arbitrary substrates. The Raman spectra
were measured using an excitation laser with 532 nm wavelength and 1 um spot size
(Witec Confocal Raman system). The high-resolution transmission electron microscope
(HRTEM) image, selected area electron diffraction (SAED) pattern and the mapping
performed in scanning transmission electron microscopy (STEM) were investigated
using JEOL 2100F Transmission Electron Microscope device with an accelerating
voltage of 200 kV equipped with an energy-dispersive X-ray (EDX) spectrometer
system and the exposure time for acquiring an image is 0.5 s. Powder X-ray diffraction
(XRD) was performed with Rigaku smart lab 9 kW (Rigaku, Japan) linked to a 2D
detector with Cu K radiation (A = 0.154 nm). The second-harmonic generation (SHQG)
spectrum was obtained under an excitation wavelength of 900 nm using Leica TCS SP8
MP confocal microscopy. The PFM measurements were investigated by Asylum MFP-
3D Infinity in dual ac resonance tracking piezo force microscopy (DART-PFM) mode.
A conductive probe with Pt/Ir coating and a force constant of 2.8 N/m was employed
in all PFM characterizations and an ac bias V. in the range of 1-4 V was applied during
the ferroelectric and piezoelectric measurements.

2.2 Device fabrication and electrical characterization



For the construction of CIPS-based devices in this work, an array of electrodes was first
prepared by patterning 50-nm Au electrodes via standard photolithography followed by
electron-beam (E-beam) evaporation of metal. Next, CIPS nanosheets were
mechanically exfoliated from their parent bulk crystal. Ultrathin CIPS samples were
chosen, aligned under optical microscopy, and laminated onto pre-deposited Au
electrodes on insulating SiO2/Si substrates through a dry transfer technique. Finally,
another as-fabricated 50-nm Au electrode was physically peeled off, aligned, and
transferred on top of the CIPS/Au junctions by vdW integration. The piezotronic effect
measurements were performed using a probe station equipped with Keithley 4200-SCS
semiconductor parameter analyzer. Here, for the fabrication of the CIPS piezoelectric
nanogenerator (PENG), ultrathin CIPS nanoflakes with the thickness of 20-60 nm and
lateral size of 15-30 um were selected. Next, silver paste was painted on the electrodes
to connect the conductive wires with the nanoscale CIPS devices, and then a thin
PMMA layer was drop-casted onto the fabricated PENG to encapsulate the device.

2.3 Piezoelectric output measurements

A home-built experimental setup was employed to investigate the piezoelectric outputs
of the CIPS-based PENG devices. The tested PENG was fixed on a sample holder. A
fine and rigid steel rod was mounted to a linear motor fixed on a 3D positioning stage
to apply constant and periodic compressive forces on the PENG devices. A 600 MHz
oscilloscope (LeCroy WaveSurfer 62Xs) and a low-noise current preamplifier (Stanford
Research Systems, Model SR570) with a 3 Hz low-pass filter were employed to

measure the outputs of piezoelectric voltage and current from the CIPS PENGs.

3. Results and discussion

In this study, CIPS nanosheets were prepared through mechanical exfoliation from their
parent bulk crystal onto arbitrary substrates. Raman spectroscopy, XRD, TEM and
EDX are adopted to characterize the structure and quality of the CIPS crystal. The XRD
spectrum (Supplementary Figure S1) obtained at room temperature displays two strong
and sharp peaks at 13.9° and 27.8° which are assigned to (002) and (004) planes,
respectively, which is in good agreement with the reported ferroelectric phase CIPS[38].
Figure 1(a) shows the atomic structure for the side and top views of CIPS, illustrating
its non-centrosymmetric structure. SHG microscopy was employed to verify the
symmetry of the CIPS crystal. The strong SHG signal (Figure 1(b)) observed in CIPS
nanoflakes indicates the structural centro-symmetry lacking which is relevant to the
origins of the out-of-plane ferroelectricity and piezoelectricity in CIPS. Raman
spectroscopy was applied to effectively identify and confirm the phase of the CIPS
crystal at room temperature and the Raman spectra of CIPS nanoflakes with the

thickness from 15 to 28 nm are demonstrated in Figure 1(c). The locations of the Raman
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peaks of the exfoliated CIPS nanoflakes are consistent with previously reported
vibration modes of bulk CIPS crystal at the ferroelectric phase[38]. The numerous
broad peaks in the 60-80 and 300-325 cm™! ranges correspond to the cation (Cu™, In*")
oscillation modes, and those in the 90-120 cm™ range are ascribed to the oscillation
modes of anion (P2S¢*"). The peaks in the 145-285 cm™! range are attributed to the S-P-
P and S-P-S stretching, and the P-P stretching is accountable for the sharp Raman peak
at 375 cm’!. Besides, Figure 1(d) presents the HRTEM image of CIPS thin film showing
the crystal structure at atomic scale with uniform and periodic crystal lattices along
identical orientation. The SAED pattern (inset of Figure 1(d)) illustrates multiple sets
of rotational symmetry patterns with perfect hexagonal structure, indicating the high-

quality and crystallinity of the CIPS crystal utilized in this work.
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Figure 1. Structural characterizations of CIPS nanosheets. (a) Atomic structures for the
top and side and top views of the non-centrosymmetric CIPS crystal. (b) SHG signal of
CIPS samples at room temperature, with an excitation laser wavelength of 900 nm. (c)
Raman spectra of CIPS nanoflakes measured at different thicknesses by using 532 nm
excitation laser. (d) High-resolution TEM image of CIPS nanoflakes. Inset illustrates

the corresponding SAED pattern.



To verify the out-of-plane piezoelectricity and ferroelectric polarization, we exfoliated
ultrathin CIPS nanoflakes onto a conductive Pt substrate and tested them using PFM.
The typical off-field PFM amplitude and phase hysteresis loops are as shown in
Supplementary Figure S3, illustrating distinct butterfly-shaped amplitude loops and
180° switching between two discrete polarization states, which are typical features of
ferroelectric materials. The polarization reversal was also demonstrated by applying a
DC tip bias on the CIPS nanoflakes to modulate the ferroelectric domain pattern, and
the initial and modified out-of-plane phase and amplitude patterns are shown in
Supplementary Figure S4. In order to further characterize the fundamental piezoelectric
properties of CIPS, ultrathin CIPS nanoflakes were exfoliated onto insulating SiO>
surface to minimize the possible non-piezoelectric influences between the PFM probe
and substrate. Figures 2(a) and (b) illustrate the topography and phase images of
exfoliated CIPS nanoflakes with different thicknesses ranging from 3.5 to 20 nm. The
out-of-plane amplitude and phase profiles of the CIPS nanoflakes are recorded under
varied drive voltages from 1 V to 4 V, as shown in Figure 2(c) and Supplementary
Figure S5, respectively, in which clear and obvious amplitude and phase contrasts can
always be observed. Strong electromechanical responses can still persist even down to
3.5 nm (corresponds to ~5 layers of CIPS), and the PFM amplitude signal increases
gradually when the voltage applied on the CIPS nanoflakes increases, indicating the
existence of robust intrinsic out-of-plane piezoelectricity in ultrathin CIPS samples.
Here, the CIPS nanoflakes with various thicknesses induce different magnitude of
electromechanical signals that decline with reducing sample thickness. It indicates
that this tendency of decrease in the piezoresponse with respect to the reduced sample
thickness below 100 nm should be attributed to the intensified effect of depolarization
field as well as the enhanced substrate clamping effect in ultrathin vdW layered
ferroelectrics, as similar phenomena are often observable in many traditional and novel
vdW layered ferroelectric and piezoelectric materials[16, 39, 40]. The schematic of the
PFM technique for determining the piezoelectric effect is displayed in Supplementary
Figure S6(a). As depicted in Supplementary Figure 6(b), the deflection signal of the
conductive atomic force microscopy (AFM) tip increases proportionally with the
driving voltage, hence the piezoelectric coefficient of the CIPS samples can be derived
from the relationship between the piezoelectric amplitude and the applied voltage. The
ds3 piezoelectric coefficient of 2D CIPS nanoflakes is plotted as a function of the
sample’s thickness in Figure 2(d). A high ds3 coefficient of 17.4 pm/V is quantitatively
deduced in 3.5-nm-thick CIPS, which gradually increases with an increase in sample
thickness and enhances to 83 pm/V when the thickness reaches up to 82 nm. The
observed piezoelectric response is in good agreement to previous literature and

outperforms most of the 2D layered piezoelectric materials previous reported, as listed
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in Table S1 [12, 16, 20, 34, 35, 41]. In conventional three-dimensional piezoelectrics,
the sign of piezoelectric coefficient is usually positive and the generated electric
polarization will always increase in response to a tensile strain. The piezoelectric
coefficient can be divided into the clamped-ion and internal-strain terms[42]. For low-
dimensional vdW layered piezoelectric materials, the internal-strain term is greatly
suppressed owing to the much weaker and softer interlayer vdW interactions than the
intralayer chemical bonding. Moreover, due to the “lag of Wannier center” effect[43],
the clamped-ion term is usually negative in layered low-dimensional piezoelectrics. In
low-dimensional layered CIPS, the interlayer vdW gap accounts for the majority of the
change in dimension under external stress, while the intralayer thickness and the
associated dipole only change barely. For CIPS, the internal-strain contribution to
piezoelectricity is too small to offset the negative clamped-ion term, giving rise to the
negative piezoelectricity in CIPS[43]. Hence, the electric polarization in CIPS is more
likely to increase when a compressive stress is applied. On the other hand, large out-of-
plane piezoelectric magnitude in ultrathin CIPS nanoflakes mainly originates from the
weak interlayer vdW interactions combined with the high displacive instability of Cu
atoms across the vdW gap, as revealed in previous studies[37, 43, 44]. At room
temperature, the thermal energy is sufficient to overcome the small energy barrier for
the Cu atoms to hop between interlayer sites. Under compressive stress, the soft vdW
gap takes most of the change in dimension, and the hopping motion of the Cu atoms
between interlayer sites will also increase. With a higher occupancy of Cu in the
interlayer site, the electric polarization of CIPS is also enhanced, thus resulting in the
strong piezoelectric responses of CIPS. For a direct and reliable comparison, we also
quantitatively estimated the piezoelectric coefficient of a-InoSes which is a well-studied
2D vdW layered ferroelectric and piezoelectric semiconductor, under identical
measurement conditions using our test system (Supplementary Figure S7). The derived
piezoelectric magnitude of few-layer CIPS in this work is around 30 times larger than
that of few-layer a-In>Ses (~0.53 pm/V) and almost 6 times larger for thicker nanoflakes.
According to the previous theoretical and experimental works on the piezoelectricity of
CIPS and a-InzSes, the dsz piezoelectric coefficient of CIPS bulk crystal is much higher
than that of bulk a-In,Ses single crystal[16, 44-46]. Our result accords with the previous
reports. The large difference in the magnitude of the piezoelectric coefficient is due to
the difference in the crystal structures of the two vdW layered piezoelectric materials.
Both the a-InxSes and CIPS possess an intrinsic non-centrosymmetric crystal structure.
In a-InzSes, the out-of-plane piezoelectricity originates from the off-centering Se atoms
forming electric dipoles, while the intralayer atoms are stably connected together by
strong chemical bonding. In comparison, the piezoelectricity in CIPS is mainly

contributed by the Cu atoms in which the high unstable displacement of Cu atoms
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greatly enhances the electric polarization under stress, resulting in a much larger
magnitude of ds33 piezoelectric coefficient than that of a-InSe; at the same thickness.
Moreover, from the technological perspective, the experimental ds33 coefficient of
ultrathin CIPS is comparable to those high-performance inorganic piezoelectric thin
films[21, 37, 47, 48], making it a desirable candidate material for evolving piezotronic

nanotechnology.
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Figure 2. Out-of-plane piezoelectric responses of CIPS samples. (a-b) AFM and PFM
phase images of CIPS nanoflakes exfoliated onto SiO; substrate. (¢) PFM amplitude
images of CIPS nanoflakes measured under different AC voltages. (d) Dependence of

the ds;3 piezoelectric coefficient with respect to the nanoflake thickness (<100 nm).

The vdW piezoelectrics own remarkable merits beyond perovskite oxide-based
counterparts in the future innovation of miniatured devices. So far, most of the
conventional perovskite oxide materials are with poor complementary compatibility of
metal-oxide-semiconductor structure when the thickness approaching the 2D limit and
necessarily be fabricated on certain specific substrates or through specific synthesis
approaches, limiting their potential for effective ultrathin 2D piezoelectric device
applications[49]. In stark contrast to the oxide-based piezoelectrics, 2D vdW
piezoelectrics-based nanodevices are highly compatible with various substrates such as
silicon and polymers, while their intrinsic piezoelectric properties can sufficiently be
retained. In this work, the CIPS-based nanodevices were constructed on silicon
substrates, demonstrating their excellent compatibility with traditional semiconductor
industry. Taking advantage of the strong out-of-plane piezoelectricity of CIPS
nanoflakes, we first studied the room-temperature transfer characteristic of the CIPS-
based devices to explore the potential applications. The basic structure of the
piezotronic devices is consisted of two Schottky contacts (Au-CIPS interfaces) and one

semiconducting channel (CIPS nanoflakes). To fabricate the CIPS-based devices, we
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prepared a series of electrodes onto Si substrates through standard photolithography
and E-beam evaporation, which could be physically picked up and transferred onto
arbitrary surfaces while maintaining atomically flat surfaces (see details in
experimental section and Supplementary Figure S8). Sequentially, mechanically
exfoliated ultrathin CIPS film with appropriate thickness was transferred to the top of
the pre-fabricated metal electrode on SiO»/Si substrate. Finally, another pre-deposited
metal electrode was physically exfoliated, aligned, and laminated on the top of the
CIPS/metal junction under optical microscope through the dry transfer technique,

forming precise and clean vdW metal-semiconductor contact.
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Figure 3. Piezotronics effect in CIPS devices. (a) The optical image (left),
corresponding AFM image and height profile (right) of a typical CIPS device with
symmetric top and bottom Au electrodes and an active area of ~120 um?. Scale: 10 um.
(b) Typical electrical characteristics of the ferroelectric CIPS when the applied voltage
V<V, (Schottky junction behaviors) and V>V, (resistive switching behaviors). Inset:
enlarged /-V curve (blue). (c) Schematic illustration of CIPS-based piezotronics device
covered by a thin layer of PMMA under compressive stress. (d) -V electrical
characteristics the CIPS device under different levels of compressive stress. (¢) The
calculated change in barrier height as a function of the applied compressive force at an

external voltage of +/- 0.3 and +/- 0.5 V, respectively.

The approach to constructing metal-semiconductor junction devices with pre-fabricated
and mechanically transferred metal electrodes is advantageous over that with direct
deposition of metal electrodes on the top of the 2D semiconducting materials. For
instance, the conventional metal evaporation process through direct chemical bonding

would usually generate defects, trapped states, and polymer residues at the metal-
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semiconductor interface, resulting in the pinning of the Fermi level, changing of the
band structures, Schottky barrier height, and the charge transfer characteristics[50].
Moreover, the high-energy metal bombardment during the evaporation process could
cause degradation even damage to the crystal structure of the 2D materials. Particularly
for the vertical device structures utilized in this work, the diffusion of metal into the
underlying CIPS nanoflakes might even penetrate through the nanoscale
semiconducting channel and contact with the bottom electrode during electrical
characterization of the devices, leading to a short circuit. On the contrary, the vdW
integration is a facile and non-destructive approach to physically assemble metal
electrodes on 2D materials for device fabrication. As direct chemical deposition process
is avoided, the correlated interfacial defects, trap states, and metal diffusion can be
prevented, thus preserving the crystal lattice and material properties of the 2D
semiconductors and the effect of Fermi level pinning can be reduced sufficiently. Figure
3(a) displays the optical and AFM images of a representative vertical piezotronic device
with a 30-nm-thick CIPS nanoflake as the channel and an active area of ~120 pm?. The
optical microscopy images of several fabricated CIPS-based devices in Supplementary
Figure S9 illustrate that mechanically laminated top metal electrodes can still retain
their smooth and flat surfaces. Figure 3(b) presents the /-V characteristics of the CIPS
device under unstressed condition. When the external voltage is below the coercive
voltage (V¢), typical Schottky contact behavior is demonstrated. It implies that the two
vertical metal-semiconductor junctions form good Schottky contacts, which are
beneficial for further electrical measurements. When the applied voltage V>V, the
representative resistance switching phenomenon of the ferroelectric CIPS is illustrated
in the /-V curve, while the large hysteresis loop suggests that the two resistance states
are resulted from the reversal of the ferroelectric polarization directions rather than
from the mobility of defects and/or residues introduced during the vdW assembly
process. Moreover, the piezoelectric-modulated electrical transfer characteristic of the
CIPS-based devices under different mechanical stresses were investigated. As
schematically presented in Figure 3(c), the fabricated metal-semiconductor-metal (M-
S-M)-structured devices are packaged by a thin layer of polymethylmethacrylate
(PMMA). With this configuration, the external mechanical stress can be evenly applied
to the entire active area of the CIPS nanoflake and the piezoelectric polarization charges
be well distributed on the sample surfaces. The piezo-induced electrical responses of
the CIPS-based devices are examined under vertically applied compressive force
varying from 0.25 N to 2.75 N with a small voltage (V<V.) so that the ferroelectric
domain configuration in CIPS would not be modified by the applied mechanical stress
and external bias. Note that the maximum measurable output current is restricted to 1.1

LA to avoid excess current flowing through the ultrathin 2D semiconducting channel
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and destroying the CIPS piezotronic devices. The output current in both forward and
reverse conditions are modulable by stress, with an obvious increasing trend in the
current magnitudes. The current increases from 243.3 nA to 704.7 nA upon 1.75 N
compressive force and an external voltage of -0.5 V, and tends to saturate with larger
compressive force (Figures 3(d) and Supplementary Figure S10(a)). The stress-induced
Schottky barrier height change (A®) is quantitatively estimated according to the
experimental data from in Figure 3(d) (see calculation details in Supporting
Information).The results are plotted in Figure 3(e) at two fixed voltages of +/- 0.3 V
and +/- 0.5 V, showing that the barrier heights at the source and drain contacts are both
reduced when increasing compressive stress. Moreover, the change in the Schottky
barrier height is fairly consistent under different bias, indicating that the variation in
barrier height is not apparently affected by the voltage applied to the piezotronic device.
The stress-induced variation in the electrical properties of the CIPS-based junction
devices is consistent with the piezotronic effect previously reported in other 2D
piezoelectric semiconductors, where the applied mechanical stimulus functions as a

“gate” to tune the carrier transport processes in piezotronic devices[8, 51].

(@) Unstressed Compressed

® © Boundcharges

@® O Piezoelectricpolarization charges

Figure 4. (a) Side view of the bilayer CIPS crystal structure in the unstressed and
compressed conditions. Band diagrams under different conditions: (b) zero applied
stress with zero external bias. (c) Zero stress with nonzero external bias resulting in the
tilting of the energy band. (d) Compressive stress applied with nonzero external bias
leading to piezopotential generated at the two interfaces. ®@s and ®p indicate the initial
Schottky barrier heights at the source and drain contacts, respectively. @sc and ®pc
are the modified Schottky barrier heights at the source and drain contacts modified by

piezoelectric polarization charges.
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The phenomenon observed in CIPS nanosheets can be understood based on the
piezotronic effect[52-54]. The crystal structures and energy band diagrams under
different conditions are proposed in Figure 4. Without applying stress and external bias,
the spontaneous ferroelectric bound polarization charges reside at the two surfaces of
the CIPS flake (Figure 4(b)). Upon application of stress, piezoelectric polarization
charges are generated at the CIPS surfaces which can regulate the metal-semiconductor
interfaces, and the piezopotential created under applied stress is able to modify the
Schottky barrier heights. Under the application of a small electric voltage (V«<V.) at
unstressed condition, the energy band of the semiconducting CIPS is tilted as indicated
in Figure 4(c). When a compressive stress is applied under a small external voltage,
piezoelectric polarization charges generated at the two interfaces changes the Schottky
barrier heights, resulting in enhanced electrical outputs. The generated positive piezo-
polarization charges would induce positive piezopotential, hence lowering the Schottky
barrier at the semiconductor-metal interface. While negative piezo-polarization charges
and the created negative piezopotential lead to an increase in the barrier height, as
shown in Figure 4(d). The changes in the energy bands at the two metal-semiconductor
interfaces are asymmetric and cause modification on the charge transport. Accordingly,
the current can be manipulated by utilizing the generated piezopotential as a gating
source. In this work, we have fabricated and investigated the piezotronic performance
of more than 20 two-terminal CIPS nanodevices, and most showed similar transfer
characteristic with robust room-temperature piezotronic effect, demonstrating a high
reliability and repeatability of the result and offering great possibilities for CIPS to
exploit in nanoscale energy harvesting applications.

To expand the investigation of the piezotronic effect in 2D CIPS and further
demonstrate its potential applications, we prepared CIPS-based piezoelectric
nanogenerators and examined their performances. The piezoelectric responses from the
CIPS PENG, in which the piezoelectric CIPS nanoflake is sandwiched between two Au
electrodes on Si02/Si substrate, were measured under constant vertical periodic
compression and release actions, and the schematic of the home-made experimental
system for mechanical force application is displayed in Figure 5(a). The current density
can be promoted when thinner CIPS samples are used, however, the suppression effect
of the depolarization field on the polarization strength is also enhanced. Hence, the
thickness of the CIPS nanoflakes used for constructing the nanogenerators was
controlled in the range of ~20-50 nm, with an energy harvesting active area in the range
of 100-140 um?. Upon compressive stress, piezo-polarized charges were produced at
the two surfaces of the CIPS nanoflakes and modulated the barrier height on the metal-
semiconductor interfaces, resulting in an electrical output peak. When the mechanical

force was released, the piezoelectric polarization charges with opposite signs were
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generated, and an electrical signal in a reverse direction would be obtained. The
corresponding piezoelectric voltage and current outputs repeatedly generated from the
periodic compressive and release forces are shown in Figures 5(b)-(c), and
Supplementary Figures S12(a)-(b). The output piezoelectric voltage and the
piezoelectric current of a typical CIPS PENG device (thickness of ~45 nm) are about
~8 mV and 1.15 nA, respectively. When a thinner CIPS nanoflake of ~15 nm is
employed in the PENG device, the piezoelectric peak voltage and the current outputs
increase to 12 mV and 1.7 nA, respectively, indicating the excellent piezoelectric
properties of 2D CIPS nanoflakes. The piezoelectric current outputs were examined
with a series of external load resistances (see Supplementary Figure S12(d) for the
circuit connection detail) in order to quantify the output power of the CIPS
nanogenerators. The current outputs and power density as a function of the used load
resistances are presented in Figure 5(d). The piezoelectric peak current is relatively
constant when the loading resistance is below 10 MQ, then it begins to drop dominantly
when increasing external load resistance. The effective energy harvesting area of the
tested single CIPS nanoflake was ~120 um?, and the maximum power density was
estimated to be around 70.4 nW/cm? with a load resistance of 100 MQ. Figure 5(e)
displays the piezoelectric current responses of the PENG device with various applied
stress. The magnitude of the piezoelectric current enhances with increasing stress,
demonstrating the typical out-of-plane piezoelectric characteristics of CIPS nanoflakes.
Furthermore, we tested the piezoelectric output stability and mechanical durability by
applying continuous and cycled compressive stress to the CIPS nanogenerator over a
long operation time of longer than 1200 seconds. For the entire testing period, the
measured voltage outputs are almost consistent in magnitude with no obvious variations
observed, denoting the good stability of the output piezoelectric signals and the good
mechanical durability of the CIPS-based PENG device (Figure 5(f)). In addition, a
connection polarity switching test was carried out to validate that the electrical outputs
were originated from the piezoelectric effect in CIPS, rather than the contributions from
other non-piezoelectric factors such as the testing instruments. The voltage output
signals from the CIPS PENG are presented in Supplementary Figure S13, indicating
that the output voltage direction is switchable as expected when the connection polarity
is reversed. Owing to the vertical structure of the CIPS PENG, the piezoelectric channel
length is determined only by the thickness of the CIPS nanoflakes utilized in the devices.
The nanoscale channel length leads to a high output piezoelectric current in the CIPS
PENG devices, which is one to two orders of magnitude larger than that of the reported
2D in-plane PENGs based on single nanoflake including TMDCs (MoS; and WSe»)[ 15,
17, 19] and layered metal dichalcogenide[35]. On the other hand, the piezoelectric
voltage output of the out-of-plane CIPS PENG is also comparable to that of other 2D

13



in-plane PENGs. These results demonstrate that 2D CIPS nanoflakes hold great

potential to be adopted in nanoscale high-performance energy harvesting applications.

<

Electrode

(a) 2 (f) 16 — "
Y X S8 S 81
s £
Linear s, :
3D =] 2 ol
motor I positioning S 8
stage ) =
> 2 ]

~CIPS

e 164 . ' L R—rY
g SiSubstrate 0 300 600 900 1200 942 945 948
Time (s) Time (s)
(b) 10 ©
1.2
—_ 5. _
S
E <5 0.6{
w -
g 8 0.0-
S 5
~ s © 0.
-10 1.2-
| S T N S T T
Time (s) Time (s)
(d) - L (o) 18—
a 3 ] S —0.14N
4 — t- 3 @ — |60g _ 9] 036N
< ; = e
f‘: . o §' 2
£30 g L40. € 0 mm
3 £
o R z 8
o 205 © -94
9 ¢ <
q?’o. 5
9, @ >, 1g.
0] @eeverenes @-eereeeee Py 3.’ Lo > 18
10° 10° 10° 10" 10° 10° 0 10
Load resistenace (Q) Tlme (s)

Figure 5. Electrical outputs from multilayer CIPS piezoelectric nanogenerators. (a)
Schematic of the experimental setup for 2D CIPS PENG measurements in this work.
The output (b) voltage and (c) current of a typical CIPS PENG generated by periodical
longitudinal compression. (d) The peak close-circuit piezoelectric output current and
corresponding power density of a CIPS PENG device under different external loading
resistances. (e) Piezoelectric current responses under various compressive stress. (f)
Durability test result of CIPS PENG.

4. Conclusion
In conclusion, we quantitatively investigate the layer-dependent out-of-plane

piezoelectric response of CIPS nanosheets in the 2D regime and show the piezotronic
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effect in CIPS-based devices. By using PFM, the vertical piezoelectric signals of the
nanosheets enhance significantly when increasing sample’s thickness. Specifically, the
piezoelectric coefficient ds3 for few-layer CIPS is 17.4 pm/V, which is larger than that
reported from other currently explored 2D vdW piezoelectric materials. Furthermore,
we fabricate 2D CIPS-based PENG through a facile and non-destructive vdW
integration approach. The output piezoelectric current and voltage of the nanogenerator
under uniform compression reach a maximum value of 1.7 nA and 12 mV respectively,

while the peak power density reaches 70.4 nW/cm?

. The strong out-of-plane
piezoelectricity in ultrathin CIPS endow them with superior opportunities to be
integrated into nanoscale energy storage and conversion devices, as well as piezotronic

devices.
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