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ABSTRACT

Piezo-optoelectronic coupling, the direct modulation of photoresponse by strain-induced piezoelectric polarization, is a theoretically
promising route to adaptive, programmable optoelectronics, yet it remains experimentally elusive in scalable two-dimensional sys-
tems. Here, we present large-area monolayer MoS; as a robust platform for probing and controlling this coupling at the atomic limit,
and a single device made on it demonstrates integrated functionality for energy generation, strain sensing, and photodetection within
a unified configuration. Using dual AC resonance tracking piezoresponse force microscopy, we quantify an out-of-plane piezoelectric
coefficient (d§ = 0.64 pm/V) and demonstrate a pronounced, strain-tunable internal piezoelectric polarization that enables exciton
dissociation under low bias and illumination, distinct from conventional photodetection approaches. While absolute responsivity is
modest, the observed strain-induced enhancement of photocurrent and the clear correlation with measured piezoresponse reveal
that mechanical deformation can be leveraged as a precise control knob for charge separation and light-matter interaction in ultra-
thin semiconductors. These findings provide direct experimental insight into piezo-optoelectronic coupling, establishing monolayer
MoS, as a multifunctional and scalable platform for future studies of coupled electromechanical photonic phenomena and for the
development of programmable optoelectronics, hybrid sensors, and next-generation flexible devices.

1 | Introduction

Piezo-optoelectronic coupling, the direct modulation of optical
properties through strain-induced piezoelectric fields, represents
a fundamental mechanism for controlling light-matter interac-
tions in semiconductors [1, 2]. While theoretical predictions sug-
gest this coupling could enable programmable optoelectronics
with mechanical tunability, experimental demonstration remains
challenging, particularly in atomically thin materials where quan-
tum confinement effects and reduced screening amplify electro-
mechanical responses |3, 4].

Two-dimensional (2D) materials offer an ideal platform for inves-
tigating piezo-optoelectronic phenomena due to their atomic-scale
thickness, broken inversion symmetry (in odd-layer systems), and
strong strain-dependent electronic properties [5-8]. Transition
metal dichalcogenides (TMDs) like monolayer MoS, exhibit intrin-
sic piezoelectricity absent in their bulk counterparts due to the loss
of centrosymmetry in the monolayer limit [9-11]. Simultaneously,
these materials display strong excitonic effects and efficient light-
matter coupling, making them promising candidates for strain-
tunable optoelectronics [12-15].
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However, experimental verification of coupled piezoelectric—
optoelectronic behavior faces several challenges. First, distin-
guishing strain-induced piezoelectric effects from conventional
piezoresistive responses requires precise measurement of both
mechanical deformation and corresponding changes in charge
transport [16]. Second, the magnitude of piezoelectric coefficients
in 2D materials is often small compared to bulk ferroelectrics,
demanding sensitive characterization techniques [17]. Third,
most studies have investigated piezoelectric and optoelectronic
properties separately, leaving the fundamental coupling mecha-
nisms unexplored [18, 19].

While individual studies have demonstrated piezoelectric energy
harvesting [18, 20-22] and strain-tunable photoconductivity
[23, 24] in 2D materials, the correlation between strain-induced
polarization fields and photoresponse modulation, the essence of
piezo-optoelectronic coupling, and the development of multi-
functional devices remain largely unexplored. Wu et al. have first
experimentally realized the piezoelectricity in monolayer MoS,;
they made a flexible piezoelectric device (PED) which converted
mechanical energy into an electrical signal [15]. Gant et al. have
fabricated a simple flexible photodetector using a MoS, mono-
layer and showed the change in photoresponse due to the strain
generated by thermal treatment [23]. Wu et al. demonstrated
photocurrent modulation in a strain-gated MoS, monolayer-
based flexible phototransistor [25]. Despite these advances, a crit-
ical gap persists regarding how mechanical deformation can be
harnessed as a direct control parameter in optoelectronic devices,
thereby limiting progress toward mechanically programmable,
strain-tunable photonic systems. Furthermore, expanding the
functionality of MoS, monolayer-based devices beyond conven-
tional photodetectors toward integrated energy generation, sens-
ing, and photodetection would represent a significant step
toward next-generation multifunctional flexible electronics.

In this work, we provide direct experimental evidence of piezo-
optoelectronic coupling in large-area monolayer MoS, through cor-
related piezoelectric and photoresponse measurements. Using
dual AC resonance tracking piezoresponse force microscopy
(DART-PFM), we quantify the out-of-plane piezoelectric coeffi-
cient (df = 0.64 pm/V) and demonstrate strain-tunable internal
piezoelectric polarization that dramatically enhances photores-
ponse under tensile strain. Our device exhibits negligible photocur-
rent in the unstrained state but generates 40 nA under combined
optical illumination (565 nm, 20 mW/cm?) and tensile strain (1.2%)
at 1V bias. This strain-dependent photoresponse correlates directly
with the measured piezoelectric activity, revealing a clear mecha-
nism in which the strain-induced polarization field acts as a driving
force for exciton dissociation and charge separation. These findings
advance the fundamental understanding of electromechanical opti-
cal coupling in atomically thin semiconductors and establish the
design principles for multifunctional MoS,-based flexible devices
capable of energy harvesting, sensing, and photodetection.

2 | Results and Discussion

Figure 1a shows a schematic of the two-temperature-zone chem-
ical vapor deposition (CVD) system used to synthesize monolayer
MosS, crystals under low pressure. In this setup, sulfur powder is
vaporized at 180°C in zone 1, and an inert argon gas carries the
resulting sulfur vapor into zone 2, where the MoO; powder, a

precursor for molybdenum, reacts on a substrate to grow a
continuous monolayer MoS, film (details can be found in the
Experimental Section 4.1). Below the schematic, an atomic model
illustrates the structure of the as-grown monolayer MoS, film.

Figure 1b shows optical microscopy images of the as-grown
monolayer MoS, on 300 nm SiO,/Si substrate, highlighting its
continuous and uniform growth over a large area. The trans-
ferred MoS, monolayer on a gold substrate was characterized
by atomic force microscopy (AFM), and its height profile is pre-
sented in Figure 1c. The measured thickness of ~0.7 nm confirms
the monolayer nature of the crystal, consistent with previous
reports for single-layer MoS, [20, 26]. Figure 1d shows the cor-
responding AFM phase map of the same region.

To further investigate the atomic-scale features of the MoS,
monolayer, high-resolution transmission electron microscopy
(HRTEM) was performed. Figure 1e displays an HRTEM image
of a representative area of the monolayer. The selected area elec-
tron diffraction (SAED) pattern is presented in Figure 1f, which
confirms the crystallographic orientation of the MoS, monolayer
in reciprocal space. A magnified view of the selected region (R1)
in Figure 1g reveals clear lattice fringes with interplanar distan-
ces of ~0.27 and ~0.16 nm, corresponding to the (100) and (110)
planes of MoS,, respectively. A few point defects, likely sulfur
vacancies, are visible and marked with blue arrows.

To further assess the optical characteristics of the monolayer
MoS,, Raman and photoluminescence (PL) spectroscopy were
employed. Figure 2a shows the Raman spectra of the MoS; crys-
tal, whereby the Elzg and A,, peaks correspond to the in-plane
and out-of-plane vibrational modes of MoS,, respectively. The
peaks Elzg and A;, were observed at 382.5 and 403.3 cm™
respectively, with a frequency variance of 20.8 cm™, which
closely aligns with the reported value for a monolayer MoS,
[27, 28]. Figure 2b depicts the PL spectrum, showing a pro-
nounced A-excitonic peak at 1.82 eV, accompanied by a weaker
B-excitonic peak at 1.98 eV. These excitonic resonances corre-
spond to direct transitions at the K-point of the Brillouin zone,
where spin-orbit splitting in the valence band (VB) accounts for
the energy difference between them [29]. The intensity and
sharpness of the A-exciton peak serve as indicators of the crystal’s
optical quality, confirming that the monolayer grown here is of
high purity and minimal defect density [27, 30].

To get more information about chemical states and compositional
information, X-ray photoelectron spectroscopy (XPS) experiment
was executed using a surface-sensitive probe at 1486.7 eV soft
X-rays. The experimental results of Mo 3d states are shown in
Figure 2c, which shows the characteristic doublet corresponding
to Mo** 3d and Mo®* 3d states. Mo™* 3d doublets were observed at
229.45eV (Mo** 3ds,,) and 232.55eV (Mo*" 3d;,). Also, MoO,-
related peaks were observed for Mo®* 3ds/, and Mo®" 3ds,, states
[31]. In the XPS fitting of Mo 3ds/, and Mo 3ds,,, we applied con-
straints for peak position separation ~3.1 eV, peak ratio of 3/2, and
set an equal full width at half maximum (FWHM) for both peaks.
Figure 2d exhibits the spectra of S 2p states, where S 2pz,, and S
2py,» peaks were detected at 1624 and 163.6 eV, respectively.
To complement this, the VB photoemission spectrum (Figure 2e)
reveals a VB onset at 0.98 eV below the Fermi level, confirming the
electronic structure near the VB edge. Based on combined PL and
XPS data, Figure 2f presents a schematic energy band diagram for
the MoS, monolayer. The bandgap is determined to be 1.82¢eV,
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FIGURE 1 | (a)Schematic of utilized CVD processes and the atomic representation of monolayer MoS, crystal, (b) the optical image of as-grown
MosS, crystal over a large area, (c,d) the AFM height profile and phase profile of the transferred MoS, monolayer crystal on Au substrate, respectively,
(e) the HRTEM image of monolayer crystal, (f) the corresponding SAED pattern, and (g) the magnified view of region R1 of (e), where blue arrows show

the defects in the crystal.

with the Fermi level positioned 0.98 eV above the VB maximum,
slightly shifted toward the conduction band, indicating an intrinsic
n-type nature of the crystal. Further, the elemental mapping of
Mo 3d states and survey spectra of the sample has been per-
formed and shown in Figure S1.

To evaluate the sample’s work function, scanning Kelvin probe
force microscopy (SKPFM) was performed after transferring the
MoS, monolayer onto a gold substrate [32, 33]. Figure 2g shows a
potential map that differentiates the region between MoS, and
Au substrate, where the measured surface potential shows the
contact potential difference (CPD) between the tip and the sam-
ple. The measured Vpp is 0.55 and 0.39 eV on MoS, and Au,
respectively. So the work function ® for the MoS, monolayer
was calculated employing the Vpp equation [34, 35]:

q)sample = q)tip —eVepp

The detailed calculation of the work function is showcased in the
Supporting Information. The work function of monolayer MoS,
is calculated to be 4.95eV, consistent with reported values for
monolayer MoS, [11]. Figure 2h shows the current map of the
monolayer MoS, on the gold substrate evaluated by conductive
AFM, suggesting a relatively less conducting nature of the MoS,
crystal compared to the Au substrate. To understand the electri-
cal behavior, field-effect transistor (FET) devices were fabricated

from the large-area MoS, monolayer [36, 37]. The electrical char-
acterizations were conducted at ambient conditions using a
Keithley 4200-SCS. Figure 2i presents FET transfer characteristics
of Ips-Vis for the fabricated device at a constant drain to source
voltage (Vps) = 3V. The threshold voltage (V) was extracted from
the slope of the maximum transconductance and found to be
approximately 15.38V [38]. The carrier density (n,) was calculated
under identical conditions (Vgs = 30V and Vpg = 3V) by employing
the relationship [29]; n,=(Cx|Vgs— Vrul)/e, where Cy=
1.15x 10™® F cm™? is the measured gate oxide capacitance per unit
area of dielectrics (Coy = &p€,/d; €, = 3.9 is for SiO,, d =300 nm is
the thickness of insulating SiO, layer), and e is electronic
charge = 1.6 x 107 C. Thus, the calculated n, is 1.05x 10"*cm™2
The mobility of the carrier has been calculated using the relation [39]:

 Alng L
He= AV " WX Cop X Vipg

Here, %Ifs =9.97 x 10" ® AV! is the slope of Ing Vs. Vgs at constant

Vps =3V. Wand L are the width and length of the channel, and their
values were 2.58 X 107 and 9.03 x 107° m, respectively. Further, the
on-off ratio was calculated to be 681, indicating excellent FET
performance.

To investigate the electromechanical response of the monolayer
MoS,, PFM was performed using the DART mode. This technique
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FIGURE 2 | The structural characterization results of the MoS; crystal. (a) The Raman spectra, (b) PL data, (c—e) the XPS spectra of Mo 3d state, S 2p
state, and VB, respectively, (f) schematic of energy band diagram using this data, (g) the surface potential map of the monolayer MoS, transferred on Au,
(h) the current map of the MoS, monolayer on Au substrate, and (i) the FET characteristics (drain current vs. gate to source voltage plot on logarithmic scale

at constant Vps =3V drain to source voltage) of MoS, monolayer crystal. Inset shows the drain current vs. gate to source voltage plot on linear scale.

minimizes frequency-dependent phase variations typically caused
by cantilever dynamics, enabling more reliable detection of piezo-
electric signals in atomically thin materials [11, 40]. A Pt-Ir-coated
stiff cantilever with a high spring constant (42N/m) and short
length (160 pm) was employed to reduce electrostatic contribu-
tions to the measured piezo amplitude. Additionally, a DC tip
bias matching the surface potential was applied to suppress resid-
ual electrostatic effects further [16, 41]. PFM measurements were
carried out across a range of AC drive voltages from 0 to 4 V.
Figure 3a-d shows the piezo amplitude images acquired at 0,
1, 2, and 4V AC drive voltages, respectively. A progressive
increase in the piezo amplitude signal with increasing AC bias
was observed, confirming the voltage-dependent piezoelectric
response of the monolayer MoS,. The corresponding phase
images are provided in Figure S2. To quantify the effective pie-
zoelectric coefficient dSff, the average piezo amplitude was plot-
ted against the applied AC voltage, as shown in Figure 3e. The
achieved out-of-plane piezoelectric coefficient was d§ 0.64 pm/V
for monolayer MoS,.

To evaluate the practical applicability of the synthesized mono-
layer MoS, crystal, we fabricated a flexible PED. The device archi-
tecture and fabrication procedure are detailed in the Experimental
Section and schematically illustrated in Figure S3. The PED is
encapsulated with a 0.3-mm-thick insulating layer of PDMS,

provides protection from external electrostatic disturbances,
and facilitates uniform stress distribution during mechanical
actuation. The energy harvesting capabilities of the device were
tested through a series of electromechanical experiments,
including continuous finger tapping, capacitor charging, and
under a commercial mechanical system. Figure 4a shows the
schematic of charge generation on finger tapping in the PED.
The inset shows a photograph of the actual fabricated device.
The mechanism of piezoelectric response upon continuous finger
tapping is shown in Figure S4. Figure 4b displays the open-circuit
voltage during repeated finger tapping, where a peak-to-peak
voltage of ~0.7 V was recorded. The observed voltage peaks cor-
respond to the generation of piezoelectric polarization charges
under out-of-plane compressive stress. Distinct upward voltage
spikes upon pressing and downward spikes upon releasing are
attributed to the generation and relaxation of dipole moments,
respectively [42]. To confirm that the output originates from
the MoS, layer, measurements on a blank device without MoS,
were conducted, yielding negligible voltage output (Figure S5a).
Figure 4c shows the output current measured across a 2.2 MQ
resistor by this PED on continuous finger tapping. The device gen-
erated a maximum average output current of ~50 nA, correspond-
ing to a power output of ~5.5 nW, which is notably higher than
that reported for small-area monolayer MoS,-based PEDs [11].
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FIGURE3 | Piezoresponse data of MoS, monolayer sample transferred on Au. (a—e) The vertical piezoresponse on AC drive voltage 0,1, 2, 3,and 4V,

respectively, and (f) the slope of piezoresponse vs. drive voltage to calculate the effective piezoelectric coefficient, which is 0.64 pm/V.

The corresponding voltage output across the load is shown in
Figure S5b. To demonstrate energy storage potential, the alternat-
ing output was rectified using a full-wave bridge circuit
(Figure 4d), yielding an average rectified voltage of ~0.6 V (see
extended data in Figure S5¢). The rectified output was further uti-
lized to charge capacitors. Figure 4e presents the schematic of the
rectification and capacitor-charging setup. As shown in Figure 4f,
the PED successfully charged a 440 nF capacitor to ~27 mV under
continuous finger tapping. The inset displays a zoomed-in view of
the charging profile, revealing a rise time of ~1.2s. Additionally,
the device was capable of charging a 1pF capacitor up to
35mV (Figure S5d). These results suggest that the PED can poten-
tially power low-power portable electronics by harvesting mechan-
ical energy from human activities.

To further evaluate the robustness of the device under controlled
mechanical stimuli, we utilized a commercial electromechanical
vibration system (ElectroPuls E3000) at various frequencies.
The schematic and real measurement setups are provided in
Figure S6a,b. Figure 4g shows the open-circuit voltage response
at a vibration frequency of 5Hz with a tapping amplitude of
1mm, where a peak-to-peak voltage of ~1.0V was observed.
At 10 Hz and the same amplitude, the peak-to-peak output volt-
age increased slightly to ~1.2 V (Figure 4h). The PED also exhib-
ited stable voltage output (~1 V) at 2 Hz, as shown in Figure Sé6d.
Notably, in previously reported MoS, monolayer-based piezoelec-
tric nanogenerators, output voltages have ranged from 30 mV to
1.2V [15, 29, 43]. The higher and more stable open-circuit voltages
achieved with our large-area MoS, monolayer-based PED under-
score its superior piezoelectric performance and its strong poten-
tial for real-world energy harvesting applications.

To explore the modulation of photoresponse through strain-
induced piezoelectric polarization and to evaluate the multifunc-
tional capabilities of large-area monolayer MoS,, the same

flexible device was tested for its optoelectronic performance
under mechanical strain. Figure 5a illustrates the schematic of
the measurement configuration, where bending introduces an
in-plane tensile strain of approximately 1.2%, calculated using
an established method from the literature [44]. This strain
changes the electronic band structure of the MoS, monolayer
and decreases the energy of VB maxima and conduction band
minima, thereby improving the light absorption [25]. The
mechanical deformation generates an internal piezoelectric field,
which facilitates excitation and charge separation upon light illu-
mination, thereby enabling strain-driven piezo-optoelectronic
coupling (schematically shown in Figure S7). The inset of
Figure 5a shows the actual flexible device used for the measure-
ments. Transient photoresponse(/-f) measurements were per-
formed using monochromatic light sources with wavelengths
of 565 and 660 nm under two external bias voltages (0.5 and
1V) at an incident light intensity of 20 mW/cm?. The excitons
aquire high binding energy in monolayer and bilayer MoS,
(150-200 meV) [45]. Therefore, a few kV/cm of an in-plane exter-
nal electric field is required to separate these excitons [45]. In our
device geometry, with a 100 pm electrode spacing, such fields
would necessitate tens of volts. Remarkably, by utilizing the
built-in piezoelectric polarization generated under mechanical
strain, we were able to achieve significant photoresponse at
much lower external applied voltages (0.5-1V), enabled by the
strain-induced piezoelectric polarization field, demonstrating
effective strain-driven piezo-optoelectronic coupling. This
observed behavior is distinct from the photoflexoelectric effect,
which arises from strain gradients that induce electric polariza-
tion even in nonpiezoelectric materials [46]. In our case, the
enhancement originates from uniform strain applied to the
intrinsically piezoelectric MoS, monolayer, confirming the cou-
pling between piezoelectric polarization and photoresponse
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FIGURE 4 | Energy generation by PEDs based on monolayer MoS,. (a) The schematic voltage generation upon finger tapping; the inset shows the

real flexible device. (b) Output voltage on finger tapping. (c) Output current on finger tapping across 2.2 MW resistance. (d) The rectified output voltage

on finger tapping using full wave bridge rectifier. (¢) The schematic of lab made setup for voltage rectification and capacitor charging. (f) The 440 nF

capacitor charging by the finger tapping on PED; the inset figure shows the magnified view of charging. (g-i) The voltage generation by the PED under a
commercial mechanical vibration setup INSTRON ElectroPuls E3000: (g) the output voltage at 5 Hz frequency and 1 mm vibrational amplitude, (h) the
output voltage at 10 Hz frequency and same 1 mm vibrational amplitude, and (i) the output voltage at 10 Hz frequency and 1 mm vibrational amplitude

for up to 1000 cycles.

modulation. Figure 5b presents the I-t response under 565 nm
illumination at 0.5V bias upon bending. A clear modulation
of current is observed with light on-off cycles, a dark current
of ~20 nA, and increasing to 40 nA under illumination. The inset
shows the corresponding response at the without bending flat
state (0% strain) of the sample under the same applied bias
and illumination light conditions, where no change in photocur-
rent is observed, highlighting the role of strain-induced piezoelec-
tric polarization. Similarly, Figure 5c depicts the I-t response at a
660 nm illumination wavelength and a 0.5 V bias, revealing a pho-
tocurrent of ~10 nA, which is half that of the 565 nm wavelength,
and no photoresponse under flat conditions under 660 nm can be
seen in the inset. At an external applied bias of 1V (inset of
Figure 5d), the dark current is enhanced by 2.75-fold and
reaches ~55 nA, likely due to the induced electric field surround-
ing the conductive channel, facilitating higher photogenerated
charge carriers at applied higher bias. Thus, the observed currents
under light illumination at 1V bias are found to be 97 and 80 nA

under the 565 nm (Figure 5d) and the 660 nm (Figure 5e), respec-
tively. All unstrained measurements under the same optical and
electrical conditions yielded negligible photocurrent, reinforcing
the conclusion that the piezoelectric field under strain is essential
for exciton dissociation and carrier separation. Figure 5f summa-
rizes the extracted photocurrent values and light-to-dark-current
ratios (LDCRs) for the different light illumination conditions
under bending (at 1.2% strain). The photocurrent values were
20, 10, 42, and 25nA for 565nm at 0.5V, 660nm at 0.5V,
565nm at 1V, and 660 nm at 1V, respectively, corresponding
to Figure 5b-e. The LDCRs were calculated as 2.0, 1.5, 1.76,
and 1.45 for these respective conditions. Additionally, I-t measure-
ments were conducted at a low light illumination intensity of
2mW/cm? under similar applied bias conditions, depicted in
Figure S8. Earlier, Wu et al. have made a flexible phototransistor
based on a MoS2 monolayer and demonstrated piezo-optoelec-
tronic coupling [25]. Their photoresponse was decreased on tensile
strain, which contradicts their theoretical calculation. Our results
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FIGURE 5 | Optoelectronic measurements of developed flexible device based on monolayer MoS,. (a) Schematic of measurement setup and occur-

ring phenomenon on bending (strained) MoS, flexible device. (b-e) External voltage and wavelength-dependent I-t measurement for monolayer

MoS,-based device under the light intensity of 20 mW/cm? (b) at external voltage of 0.5V and wavelength of 565nm under bending condition,

(c) at external voltage of 0.5V and wavelength of 660 nm under bending condition, (d) at external voltage of 1V and wavelength of 565 nm under

bending condition, (e) and at external voltage of 1V and wavelength of 660 nm under bending condition. At the bending condition, the generated

strain in the monolayer MoS, was 1.2%, while data under the flat condition, where no strain was introduced, is shown in the inset of the corresponding

figure. (f) Achieved photocurrent and LDCR for all four conditions.

are consistent with theoretical expectations and the predicted
enhancement in light absorption and carrier separation efficiency.
This consistency reinforces the robustness and reliability of our
experimental observations. Furthermore, we have shown the mul-
tifunction capability of energy generation, sensing, and photode-
tection within a single device.

To verify the stability of piezo-optoelectronic coupling, the photo-
response was further tested after 50 and 100 bending cycles
at ~1.2% strain, shown in Figure S9. The results revealed negligi-
ble degradation in performance, underscoring the mechanical
robustness and reproducibility of the coupling effect.

Collectively, these findings demonstrate that monolayer MoS,
exhibits strain-driven piezo-optoelectronic coupling that enables
efficient photocurrent generation at low operating voltages. The
integration of energy generation, sensing, and photodetection
within a single flexible configuration positions this material sys-
tem as a promising platform for next-generation wearable mul-
tifunctional devices.

3 | Conclusions

In summary, we have provided the direct experimental demon-
stration of strain-driven piezo-optoelectronic coupling in large-
area monolayer MoS,. By correlating nanoscale piezoresponse
with device-level photocurrent generation, we show that
mechanical deformation can be harnessed as an effective control
knob for light-matter interactions in atomically thin semicon-
ductors. The measured out-of-plane piezoelectric coefficient

(d$f = 0.64 pm/V) and the pronounced strain-induced enhance-
ment of photocurrent confirm that internal polarization fields
arising from lattice deformation play a decisive role in exciton
dissociation and charge separation.

These findings advance the fundamental understanding of cou-
pled electromechanical and optoelectronic phenomena in 2D
materials, while also establishing monolayer MoS, as a multi-
functional, scalable, and flexible platform for next-generation
device technologies. Beyond proof-of-concept demonstrations,
this work lays the foundation for developing mechanically pro-
grammable optoelectronics, hybrid sensors, and self-powered
wearable technologies, where strain engineering provides a ver-
satile pathway to tune device performance.

4 | Methods
4.1 | MoS; Monolayer Synthesis

Monolayer MoS, was synthesized via low pressure chemical
vapor deposition (LPCVD) in a dual-zone tube furnace under
two at low-pressure conditions [47]. Before growth, 300 nm
SiO,/Si substrates were cleaned in acetone by ultrasonic tech-
nique, then passed through isopropanol, deionized water, and
finally dried by nitrogen. MoO3 (20 mg), as Mo precursor, was
placed along with the growth substrates in zone 2 of the furnace
under a 500 sccm Ar flow for 10 min. Sulfur powder (200 mg) was
placed upstream in zone 1 and heated to 180°C to generate
S vapor, which was carried through to zone 2 by a 70 sccm
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Ar flow as carrier gas, which was held at 750°C for 20 min of
growth while maintaining low pressure (1 Torr). After the
growth, the furnace was cooled under the flow of 500 sccm Ar.

4.2 | Material Characterizations

The optical image of the as-grown monolayer crystal was cap-
tured using a Leica microscope. AFM and surface potential
mapping were performed using an MFP-Infinity system (Oxford
Instruments, Asylum Research, United States) in ScanAsyst mode
at a resolution of 256 X 256 pixels. Topographic and depth profiles
were analyzed using Gwyddion software. Raman spectra were
acquired using a Horiba Scientific LabRAM HR Evolution
Raman spectrometer with a 532 nm laser and 1800 lines/mm
grating. HR-TEM imaging was carried out using a JEOL
JEM-F200 CFEG microscope operated at 200 kV.

XPS was performed using a Kratos AXIS Supra system equipped
with a monochromatic Al Ka source (1486.7 eV). Data processing
and peak deconvolution were conducted using CasaXPS soft-
ware. SKPFM was utilized to evaluate the local surface poten-
tial, using Ptlr-coated Si cantilevers (SCM-PIT-V2, Bruker;
spring constant =3 N/m, resonance frequency =75kHz). Tip
work function was calibrated relative to a gold substrate
(@ =5.1eV) [32]. Conducting force microscopy was performed
on MoS, monolayers transferred to Au substrates using the
same AFM system.

FET measurements were carried out using a back-gated geome-
try after polymer-assisted transfer of MoS, onto SiO,/Si sub-
strates. Electrical characterization was conducted using a
Keithley 4200A-SCS Parameter Analyzer on a Signatone probe
station. Photoresponse was recorded under dark and illuminated
conditions using an Agilent 2912A source meter and monochro-
matic LEDs (Thorlabs) at 565 and 660 nm.

4.3 | Piezoelectric Measurements

Out-of-plane piezoelectric properties were measured using DART-
PFM mode on a Cypher ES AFM system (Oxford Instruments,
Asylum Research, United States). Data was collected using Ptlr-
coated stiff cantilevers (NanoWorld, spring constant =42 N/m,
length = 160 pm) to minimize electrostatic artifacts. The inverse
optical lever sensitivity was calibrated using force-distance curves
in contact mode [48]. A lock-in amplifier was utilized to determine
the amplitude and phase signals under AC drive voltages ranging
from 0 to 4V, with a fixed resonance frequency. To suppress elec-
trostatic effects, a DC tip bias equal to the surface potential was
applied during measurements [16, 49]. Detailed information about
the measurement of PFM data is shown in our earlier study [11].

4.4 | PED Fabrication and Testing

Flexible piezoelectric energy devices were fabricated using CVD-
grown monolayer MoS,. A PMMA-assisted wet transfer method
was used to transfer the monolayers onto PET substrates, followed
by PMMA removal with acetone. Cr/Pd/Au (1/20/50 nm) interdig-
itated electrodes were deposited using an E-beam evaporator
(PVD75, Kurt J. Lesker), with a gap spacing of 100 pm and a length
of 7mm (Figure S3). A ~0.3-mm-thick PDMS encapsulation layer

was added for mechanical protection and uniform stress distribu-
tion during testing.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: XPS elemental mapping for Mo
3d state and the survey spectra of the MoS, monolayer crystal.
Supporting Fig. S2: PFM phase map of MoS, monolayer crystal with
different AC drive voltages (a) at 0V, (b) at 1V, (c) at 2V, (d) at 3V, and
(e) at 4 V. Supporting Fig. S3: PED fabrication process using large-area
monolayer MoS, crystal. (a) As-grown MoS, monolayer on SiO, substrate.
(b) Then PMMA polymer spin-coating over the MoS, monolayers. (c) The
MoS, flakes were peeled off with PMMA and transferred on flexible PET
substrate. (d) Polymer PPMA was removed by acetone wash. (e) The
interdigital patterns were designed on the MoS, flakes and then electro-
des of Au/Cr were deposited there in a designed pattern; here, the gap
between electrodes is 100 pm. (f) PDMS coating on this device to protect
with unwanted damage. Supporting Fig. S4: (a) PED with no in-plane
strain when no tapping. (b) Upon tapping, an in-plane strain occurs and
generates piezoelectric polarization. Supporting Fig. S5: (a) Blank
device testing for voltage generation, MoS, monolayer is missing under
electrodes, to confirm the response in other devices is coming from MoS,
crystal, (b) the rectified output voltage upon finger tapping using a full
wave bridge rectifier, (c) the generated output voltage across 2.2 MQ by
the PED on finger tapping, and (d) the 1 pF capacitor charging by the
MoS, PED upon finger tapping. Supporting Fig. S6: The electromechan-
ical performance of PED based on MoS, monolayer. (a) The schematic of
the mechanical vibrating setup, (b) actual setup utilized for the measure-
ments, (c) the generated output voltage by the PED at 2 Hz and under
1 mm vibrational amplitude, (d ) the output voltage at 2 Hz and under
1 mm vibrational amplitude up to 200 cycles, and (e) the output voltage
at 5Hz and under 1mm vibrational amplitude up to 500 cycles.
Supporting Fig. S7: The schematic of mechanism behind the strain
induced piezoelectric effect supports photoresponse. (a) Case 1: when
metal contacts are not connected to MoS,, Fermi levels are not aligned.
(b) Case 2: when metal contacts are connected to MoS, but no strain is
applied, Fermi levels will align and will create a barrier height. (c) Case 3:
when metal contacts are connected to MoS, and strain is applied, the

internal piezoelectric polarization supports the electron-hole pair separa-
tion. Supporting Fig. S8: The external voltage and wavelength-dependent
I-t measurement for MoS, monolayer-based device under the light inten-
sity of 2 mW/cm?; (a) at external voltage of 0.5 V and wavelength of 565 nm
under bending condition, (b) at external voltage of 0.5V and wavelength of
660 nm under bending condition, (c) at external voltage of 1V and wave-
length of 565 nm under bending condition, (d) and at external voltage 1V
and wavelength of 660 nm under bending condition. At the bending con-
dition, the generated strain in the MoS, monolayer was 1.2%, while data
under the flat condition, where no strain was introduced, is shown in the
inset of the corresponding figure. Supporting Fig. S9: The stability test for
optoelectronic coupling after bending cycles; the I-t measurement for
MoS, monolayer-based device under the light intensity of 20 mW/cm?,
at external voltage of 1V and wavelength of 565 nm, (a) after 50 bending
cycles and (b) after 100 bending cycles. The bending cycles were performed
manually between 0% and 1.2% strain, while data under the flat condition,
where no strain was introduced, is shown as inset of respective subfigure.
Supporting Table S1: The comparison of performance parameters of the
MoS, monolayer-based flexible photodetector.
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