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Introduction

Exploring piezoelectric and piezophototronic
properties of nanostructured LN-ZnSnS; for
photoresponsive vibrational energy harvestingt

Surajit Das, 1 Swadesh Pauli® and Anuja Datta ) *°

Piezoelectric energy harvesters have for some time been an advanced choice for self-powered elec-
tronics. While oxide-based piezoelectric nanomaterials are well studied for their quality mechanical
energy harvesting potential, recent interest in developing multifunctional nanomaterials for harvesting
simultaneous ferroelectric/piezoelectric and light energy for photodetectors, photovoltaics and
piezophototronics has impelled the search for newer semiconducting dipolar materials. In this
respect, LiNbO3z type-ZnSnSs (LN-ZTS) is predicted to have low optical band gap energy and to
possess a considerably expanded hexagonal R3c lattice with high ferroelectricity. Although it has been
stabilised in thin-film form, the exclusive synthesis of LN-ZTS nanocrystals has not been reported. In
this article, we report a one-step synthesis for R3c hexagonal LN-type ZnSnSs (ZTS) nanoflakes and
show that they could be highly desirable candidates for light-responsive mechanical energy harvesting
via an impressive piezophototronic effect. A piezoelectric coefficient (dss) of ~19 pm V™! was
measured using piezoresponse force microscopy and a considerable zero-bias photoconduction
current was observed, which was utilized to harvest an output power of ~0.13 uW cm™2 from an
induced light intensity of 100 mW cm™2 under a mechanical impact of 17 N and 3 Hz. These findings
establish a previously unreported ternary sulfide piezoelectric nanostructured material as potential
candidate for designing piezophototronic devices by coupling optical functionalities and piezoelectric
responses.

fabrication techniques.®® While eco-friendly oxide-based piezo-
electric materials have been well studied for their stable piezo-

Lead-free and nontoxic piezoelectric nanomaterials, due to their
sustainable and enhanced abilities to convert mixed-mechanical
stimuli into electrical energy, are increasingly becoming a viable
choice for self-powered microelectronics applications."™ To
search for new materials with emergent piezoelectric and allied
physical properties, particularly at nanoscale, where enhanced
dipolar density and significantly shorter transport paths of ions
and electrons can impart a higher piezoelectric effect, research-
ers are focusing on designing and engineering different nano-
structures of predicted materials and those that have already
undergone experimentation, by applying various low-cost
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electric properties,”® other chalcogenide compounds are rarely
explored. A recently discovered interesting ferroelectric and
potentially piezoelectric material, LiNbOs-structured ZnSnS;
(LN-ZnSnS;) is being studied for its suitability, with additional
semiconducting properties that open up the possibility of inves-
tigating both mechanical and light energy harvesting capabilities
by inducing piezophotonic and piezophoto electronic effects
simultaneously."'™* Here, piezoelectric potential in mid-high
band gap semiconductors can be created by photoexcitation and
serves as the fundamental principle behind the piezophototro-
nic effect. The piezophototronic effect is observed primarily in
non-centrosymmetric semiconductors that exhibit both piezo-
electric and optoelectronic properties, such as ZnO, GaN, CdS,
and PbS to name a few, and was a benchmark discovery by
Z. L. Wang."™ The piezophototronic effect on its own can use
piezopotential to influence the energy band gap and optical
band gap for the generation, separation, transportation, and
recombination of carriers at interfaces. Possessing simultaneous
piezoelectric and semiconducting optical properties, this special
class of material offer possibilities for designing and fabricating

This journal is © The Royal Society of Chemistry 2025
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devices with potential applications in self-powdered sensors and
devices, nanorobotics, optoelectronics and photonics, and logic
computation.">*>™ Interest is therefore largely devoted toward
exploring newer materials with large internal electric fields and
hence ferroelectric/piezoelectric effects that could be simul-
taneously exploited in junction-less photoelectric and photovol-
taic applications,”® > as traditional large band gap (3-4 €V) fer-
roelectrics are unsuitable for efficient light harvesting. In that
respect, theoretical findings show that the compound
LN-ZnSnS; formed as a thin film by substituting the oxygen in
ferroelectric LN-ZnSnO; with sulfur, dramatically lowers the
optical band gap energy from 3.0 eV (LN-ZnSnO;) to 1.3 eV
(LN-ZnSnS3), due to considerable expansion of the lattice para-
meters (~20%), without compromising the high ferroelectricity
reported in LN-ZnSn0;.>** Moreover, it is an added advantage
that the band gap reduction in LN-ZnSnS; does not require
strain engineering.*® This report was followed by the claim that
LN-ZnSnS; is a highly ferroelectric phase in spite of its low band
gap and semiconducting nature, which are desirable character-
istics for junction-less photovoltaic applications and also as
piezophototronic energy harvesters.”® In an attempt to increase
the library of materials among lead-free perovskites and to intro-
duce a novel semiconducting piezo-ferroelectric class of com-
pounds, we recently investigated the synthesis, growth and func-
tional properties of undoped and doped LN-type ZnSnO; nano-
structures, that boosted the importance of application-based
research on sustainable ceramic nanomaterials and nano-
composites for harvesting energy.>"*”*!

Herein, we report the synthesis of R3¢ LN-type ZnSnS; (ZTS)
nanocrystals (NCs) and show that they can be highly desirable
candidates for light-responsive mechanical energy harvesting
via an impressive piezophototronic effect. In this work, largely
phase-pure LN-phase ZTS NCs are synthesized by a facile, opti-
mised one-step hydrothermal method and the fundamental
piezoelectric and photoconducting properties are explored
under mechanical force. While the synthesis of cubic phase
ZTS was reported earlier, a viable low-cost approach towards
the synthesis of the much more important rhombohedral
phase of LN-ZTS***** could not be found. An average piezoelec-
tric coefficient of ~19 pm V™' is obtained from piezoresponse
force microscopy (PFM) measurements, and the domain
characteristic envisaged by PFM indicates clear piezoelectric
polarisation reversal in LN-ZTS NCs. The material promisingly
shows vibrational energy harvesting potential with a peak
output voltage of 0.5 V and a power density of 0.025 uW cm™>
for optimal conditions of 17 N and 3 Hz, in the absence of
added illumination, henceforth referred as "dark" condition.
Thus, when stimulated with light, the LN-ZTS nanogenerator
(NG) shows an enhanced peak output voltage and five-fold
enhanced power density of 0.8 V and 0.13 pW cm >, respect-
ively, under similar measurement conditions for an incident
100 mW cm™? light intensity. While the power output is still
low for direct practical application, evidence of the first piezo-
electric and light-induced enhancement in power output from
LN-ZnSnS; at nanoscale, will surely excite the non-oxide-based
ceramics community to explore emerging photovoltaic and
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ferro-functional properties, which were hitherto unexplored
territory for this material.

Chemicals and experimental
procedure
Chemicals

Zinc chloride (ZnCl,, >97%), sodium stannate trihydrate
(Na,Sn0;-3H,0, 95%), and reagent-grade sulfur powder
(100 mesh) were purchased from Sigma-Aldrich.
Thioacetamide (C,HsNS, >98%) was obtained from TCI.
Absolute ethanol (EtOH) and D.I. H,O were obtained from
Merck. All materials were used without any further
purification.

Synthesis of ZnSnS; (ZTS) nanocrystals (NCs)

A one-step hydrothermal method was exploited for the syn-
thesis of LN-ZTS NCs. In a typical synthesis, 1 mmol of ZnCl,
(136.3 mg), 1 mmol of Na,Sn0;-3H,0 (267 mg), and 3 mmol of
C,H;5NS (226 mg) were dissolved in 36 ml D.I. H,O and soni-
cated for 15 min. In the next step the complete mixture solu-
tion was stirred with a magnetic stirrer for 3 h. An intermedi-
ate white suspension was obtained, which was then transferred
to a Teflon-lined stainless steel autoclave and thereafter to a
preheated gravity convection oven (Bionics Scientific
Technologies Ltd), heated at 220 °C for different times of 6 h,
18 h and 24 h. After completion of the reaction, the autoclave
was cooled to room temperature and the products were col-
lected by centrifugation with absolute EtOH several times.
Finally, they were dried in a vacuum oven at 70 °C for 6 h. The
complete reaction procedure is illustrated in Scheme 1.

Device preparation for piezophototronic measurements

Electrical and photonic measurements were carried out on
LN-ZTS pellets prepared from the synthesized powder of
LN-ZTS NCs. Hydraulic pressing under 110 kg cm™> pressure
generated a pellet of a thickness of 2 mm with a diameter of
10 mm and an average density of 0.191 g cm™>. Gold (Au) elec-
trodes were deposited on both sides of the pellet by employing
the chemical vapour deposition (CVD) technique. For the
piezophototronic measurements, patterned Au electrodes were
chosen for deposition using a shadow mask to leave access for
the light to fall on the material surface, while the Au patterned
electrodes were suitable for use in the capacitor device struc-
ture needed for vibrational energy harvesting.*®

Characterization details

The phase and crystal structure were investigated using
powder X-ray diffraction (PXRD), collected with a Bruker-D§
Advanced X-ray diffractometer with Cu K, radiation (1 =
1.5406 A). The chemical composition was determined by X-ray
photoelectron spectroscopy (Omicron DAR 400 dual Mg/Al
source spectrometer) and energy dispersive X-ray spectroscopy
(EDS) under TEM. The reflectance spectra and optical band
gap of ZTS NCs were measured with an Agilent Cary 5000, UV-
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Scheme 1 Synthesis process scheme for LN-ZnSnSs nanocrystals.

vis-NIR spectrophotometer. The morphology and structure
were investigated using a field-emission scanning electron
microscope (FE-SEM, JEOL JSM-6700F) and a transmission
electron microscope (TEM, JEOL JEM-2100F).

PFM and KPFM measurement

PFM was conducted with an Asylum Research MFP-3D atomic
force microscopy (AFM) instrument at room temperature
(rt) with a Ti/Ir (5/20) coated cantilever (ASYELEC-01, nominal
spring constant 2 N m™', resonance frequency 81 kHz).
PFM topography, amplitude and phase images were investi-
gated at an applied bias voltage of +7 V. For PFM, a ~200 nm
thick film sample was deposited on the Si wafer substrate by
drop casting from an aqueous dispersion. For Kelvin probe
force microscopy (KPFM) measurement, a 2.5 V AC drive
voltage, drive amplitude of 53 mV, and phase offset of 47°
were applied at a resonance frequency of 81 kHz within a band
range of 5 kHz in contact mode. The applied bias removes the
external surface charges of the contact region area during
scanning.

Results and discussion
Structure and optical properties

Fig. 1a represents the powder XRD signal of the as-synthesized
ZTS NCs after 24 h, with the sharp and distinct peaks indicat-
ing good crystallinity, as shown in comparison to the simu-
lated XRD pattern (DFT calculation using Mercury software).
The XRD pattern of the LN-ZTS NCs is a good match to the
simulated one, which indicates the successful formation of the
rhombohedral phase (space group: R3c, 161) of ZTS NCs,*
along with some minor extra peaks, corresponding to the
cubic phase (JCPDS 28-1486) of ZTS (closed diamond).** The
major diffraction peaks observed at 26 = 26.4, 28.1, 32.2, 34.3,

7220 | Nanoscale, 2025,17, 7218-7228
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39.0, 42.7, 49.9, 51.4, 54.4, 56.4, 58, 61.3, 65.1, and 71.5°,
correspond to the (211), (1-10), (210), (200), (220), (321), (2-1-
1), (320), (422), (433), (2-20), (330), (1-3-2), and (532) planes of
rhombohedral LN-ZTS. However, it should be noted that a few
peaks are common to both rhombohedral and cubic phases,
namely at 260 = 26.4, 34.3, 51.4, 54.4, 61.3, and 65.1°, and
hence minor phase impurities cannot be ruled out in the first
instance. The crystallite size calculated using the Scherrer
equation®® is about 10 nm. Moreover, an additional peak at
47.6° (open diamond) occurs due to the crystal plane corres-
ponding to the inner Zn-S bond (JCPDS No. 05-0566).*° A com-
parative analysis of the XRD results for the products at 6 h,
12 h, and 24 h, presented in Fig. S1a,} indicates that the LN-
type rhombohedral phase becomes the predominant phase
after 24 h. Fig. 1b shows the UV-VIS-NIR reflectance spectrum
of LN-ZTS NCs, and a calculated indirect band gap of 1.95 eV
is obtained for ZTS NCs using the Kubelka-Munk equation:*’
[F(R)-hv]" = A(hv — E,), where F(R) = (1-R)*/2R, R is the reflec-
tance, hv = the energy of a photon, and n = 2 for a direct band
gap and 1 for an indirect band gap.

Chemical composition and morphology

X-ray photoelectron spectroscopy (XPS) confirms the chemical
composition of LN-ZTS NCs. The survey spectrum (Fig. 1c)
shows the presence of zinc, tin, and sulfur along with carbon
and oxygen, which may arise from the hydrated precursor salt
and water used in the reaction. For further analysis of the oxi-
dation state of different ions, high-resolution spectra were also
obtained for individual ions, as shown in Fig. 1(d-f). From the
high-resolution spectrum of Zn (Fig. 1d) two major peaks at
1022.2 and 1045.2 eV are obtained, corresponding to Zn 2p3,
and Zn 2ps,,, respectively, and confirming Zn** in ZTS NCs.*'
Sn states are shown in Fig. le, indicating the 3d state of Sn,
which is further divided into two separate peaks, Sn 3ds,, and
Sn 3d;),, due to spin-orbit interaction. The peak positions at

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) PXRD pattern of the as-synthesized rhombohedral LN-type ZnSnSs. The bottom line indicates the simulated XRD pattern of rhombohedral
ZnSnSs using the parameters in ref. 35. (b) Diffuse reflectance spectroscopy of ZnSnSsz, and the corresponding band gap calculated with the
Kubelka—Munk equation (inset image). XPS spectra of as-synthesized ZnSnSz nanocrystals, (c) survey spectrum, high-resolution spectra of (d) Zn 2p

state, (e) Sn-3d state, and (f) S-2p state.

486.5 and 495.0 eV are assigned to the 3ds,, and 3d;, states of
Sn with an energy separation of 8.5 eV, which indicates the
presence of the +4 oxidation state of Sn.*® In addition, after
deconvolution of the S 2p spectrum (Fig. 1f) two discrete
peaks with binding energies 161.5 and 162.6 eV are obtained
and are attributed to S 2p3,, and S 2p;,,, which may arise from
the inner Sn-S and Zn-S bonds, respectively, further confirm-
ing the S~ oxidation state of sulfur.*®

This journal is © The Royal Society of Chemistry 2025

The FE-SEM images (Fig. 2a) clearly show the uniform and
homogeneous growth of ZTS NCs after 24 h with well-formed
hexagonal flake-like morphology of an average diameter of
20-30 nm (longest length). Distinctly hexagonal ZTS can be
confirmed from the TEM images (Fig. 2b). The HR-TEM image
(Fig. 2¢) of individual hexagonal nanoflake shows good crystal-
linity with distinct and continuous lattice fringes revealing an
interplanar distance of ~0.35 nm, which corresponds to the

Nanoscale, 2025,17, 7218-7228 | 7221
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Fig. 2 (a) FE-SEM image, (b) low-resolution TEM image, (c) HR-TEM image and the interplanar spacing corresponding to the (211) plane (inset), (d)
FFT and SAED pattern (inset), (e) energy dispersive X-ray spectrum and spectroscopic analysis (EDX) for ZTS NCs.

(211) lattice planes of the rhombohedral phase of the as-pre-
pared LN-ZTS NCs. From the fast Fourier transformation (FFT)
and selected area electron diffraction (SAED) pattern (inset)
shown in Fig. 2d, prominent single crystalline diffraction rings
are observed with distinct hexagonal symmetry from a single
nanoplatelet. The EDS shown in Fig. 2e confirmed that the
ratio of Zn, Sn and S is nearly stoichiometric. While the 24 h

7222 | Nanoscale, 2025,17, 7218-7228

reaction product for the optimised LN-ZTS phase shows hexag-
onal morphology, broadly indicative of the R3c crystal struc-
ture, the more phase-impure 6 h and 12 h products morpho-
logically show much smaller and less developed shapes of hex-
agonal nanoflakes (Fig. S1(b-e)t), further proving that the LN
crystal structure might not be predominantly formed due to
partial completion of the reaction.

This journal is © The Royal Society of Chemistry 2025
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Local piezoelectricity studies by PFM and KPFM

After confirming the structural and chemical purity of the
desired LN-ZTS nanoflakes, the microscopic piezoelectric pro-
perties were investigated using PFM and KPFM. In order to
understand the pure piezoelectric effect from the various noises
that contribute to the electromagnetic (EM) response, the PFM
phase change and also the shape of the hysteresis loops are
crucial. The AFM topography, PFM amplitude and phase images
at rt are shown in Fig. 3. The amplitude values are verified by
calibrating the resonant frequency at 81 kHz on several regions
of the same sample and also on different samples. The cali-
bration exercise eliminates the Vegard strain effect in PFM,
which is also essential to separate erroneous EM signals. The
vertical (out-of-plane) PFM image (Fig. 3a) under no bias
revealed no direct link between the microstructure and domain
orientation, confirming that piezoelectric deformation domi-
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nates the PFM signals. The colour-changing images from yellow
to reddish brown show the domain-switching phenomenon
with the change in the polarity of the applied voltage at +7 V
(Fig. 3b and c) with no clear visible domain boundaries.
However, the phase hysteresis loop (Fig. 3d) recorded from the
areas showed a nearly 180° phase shift, i.e. fully switched piezo-
electric domains, and good loop opening with the polarity
change of the offset voltage. Fig. 3(e-g) show the corresponding
amplitude images. From the slope of the butterfly loop (Fig. 3h),
an effective d; is estimated, which is crucial for assessing the
efficiency and performance of piezoelectric materials.”® The
average calculated value of ds; is 19 + 2 pm V!, which is higher
than or comparable to that reported for lead-free perovskite
nanomaterials.’*”" The asymmetries observed between the posi-
tive and negative halves of the butterfly loop (Fig. 3h) suggest
the existence of non-homogeneous piezo-domain boundaries,
which may arise from the non-oriented nanoflakes and

4 0 4

Bias (V)
"E300{= Displacement
o - d33 50
£200 252
& 0 &
g 100 2
g 25
o 0 50

8 4 0 4 8
Bias (V)

Fig. 3 PFM (a)—(c) phase images with a change of bias voltage +7 V of the LN-ZTS NC film. (d) Plot of the phase change of the LN-ZTS NC film.
(e)—(g) Amplitude images with the same change in bias voltage. (h) Butterfly loop and dz3 plot.
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Fig. 4 (a) KPFM topography, (b) surface potential, and (c) their graphical variation in the LN-ZTS NC film along the line (as drawn).
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domains in the deposited nanostructured film.**">* The hyster-
esis butterfly loop and phase hysteresis of the LN-ZTS NC film
measured at the different regions of the sample and on
different samples clearly indicate local polarization switching at
the micro/nano scale (see Fig. S2t). We also performed KPFM
measurements to explore the surface barrier potential on the
LN-ZTS NCs, in a non-invasive way. The KPFM topography,
surface potential mapping and corresponding line profile are
shown in Fig. 4(a and b). A surface charge potential difference
of 65 mV was observed (Fig. 4c) from the LN-ZTS film, which
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suggests a strong surface potential value on a par with other
lead-free piezoelectric materials.’>>® The nanoscale domain fea-
tures in LN-ZTS NCs are in strong agreement with previous
theoretical understanding, and the experimental validation pre-
sented here indicates potentially valuable ferroelectric/piezoelec-
tric properties in the LN-type rhombohedral phase as well as
plausible emergent photonic characteristics.”> A detailed
domain dynamics study from a single nanoflake may reveal
domain migration behaviour and provides scope for further
study in this system.

100 mW/cm?®

20 75 mW/cm?

0 100 200 300 400
Time (sec)

Periodic force

(e) | Dark Light

-1
17N,3 Hz
. | . 100 m ./cmz .
0 3 6 9 12 15
Time (Sec)

Fig. 5 (a) Current vs. voltage (/-V) curves measured in the dark (black) and under light with different intensities at an applied bias of +10 V, (b) time-
dependent light on—off response under various light intensities under zero-bias conditions, (c) schematic diagram of custom-built piezophototronic
measurement setup in our laboratory, (d and e) variation in voltage and current density under dark and light (100 mW cm~2) conditions for ZTS NCs

pellet at 17 N and 3 Hz.
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Optoelectronic properties

While the piezoelectric properties are agreed, the fundamental
optoelectronic properties were investigated from the current-
voltage (I-V) measurements of LN-ZTS NCs under dark and
variable of white-light-illuminated conditions
(Fig. 5a). Importantly, the -V measurement displays asym-
metric nonlinear characteristics, revealing Schottky-type behav-
iour at the metal semiconductor Au/LN-ZTS junction due to
back-to-back Schottky barriers.”>® As predicted, a strong photo-
response under illumination may be observed from Fig. 5a.

intensities

While a significant dark current of 0.6 pA was recorded at an
applied bias of 10 V, possibly generated from leakage, the
current was enhanced considerably to 2.1 pA under white light
illumination at an intensity of 100 mW cm™>. The data were
recorded from several Schottky devices through repeated
measurement across various seasons and times. Additionally,
the photo-switching characteristics of the material were con-
firmed under zero-bias conditions, as shown in Fig. 5b, with
an average decay rate of 0.1 nA s™".

Light-induced piezoelectric energy harvesting

The piezoelectric energy harvesting performance of the LN-ZTS
nanogenerator device in the dark without light stimulation
was recorded using a mechanical vibrational energy harvesting
setup,®®® under modulated forces and frequencies ranging
from 1 N to 17 N and 1 Hz to 5 Hz. To first confirm the piezo-
electric effect of the LN-ZTS device, polarity checking under
both forward and reverse conditions was performed under 17
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N and 5 Hz. With reversal of the connection, the positive and
negative peaks of V,. and Js. were also reversed, confirming the
piezoelectric nature of the ZTS device, as illustrated in Fig. S3
(a and bf). The LN-ZTS piezoelectric nanogenerator without
any light stimulation showed a linear increase in V. and Jg,**
from 0.4 V to 0.7 V, and from 0.4 pA cm™ to 1 pA cm™2,
respectively, with the force increasing from 1 N to 17 N at a
constant frequency of 5 Hz (Fig. S4(a and b)f). Based on the
increase in peak voltage V,, with the applied force, a mechano-
sensitivity of ~20 mV N~ was calculated from the slope of the
graph presented in Fig. S4c.t®* On the other hand, with the
increase in frequency, V,. and J,. increased from 0.1 V to 0.7 V
and from 0.2 pA cm™> to 1 pA cm™?, respectively, when the fre-
quency rose from 1 Hz to 5 Hz at 17 N (Fig. S4(d and e)f). This
increase in V,. and J,. with force may be directly related to
piezo-charge generation within a short period, as reported
earlier.” A performance parametric comparison with so far
reported binary metal piezoelectric sulfides, shown in
Table S1,7 indicates comparable responses from LN-ZTS
nanoflakes.

Finally, to explore the light-stimulated piezoelectric
vibrational energy harvesting possibility from LN-ZTS NCs, a
custom-built setup was used, as shown schematically in
Fig. 5(c). The V,. and J,. values were measured with a force
gauge (Lutron Force Gauge FG-20 KG), where force was applied
to the back of the device, both under both dark and illumi-
nated conditions, as indicated in Fig. 5(d and e). At different
force and frequency conditions up to 17 N and 3 Hz, V,. and
Jsc showed a significant increase in the presence of light. Js.

(a),J 2 —Current Density  ; Dark Condition F0-4 10.03 (b) 204 —Current Density +0.2
e —Voltage ’E‘ -Y;"tage lluminated condition_ 0.6
S - Power
20.9{ Power 03 S1.6 o~
3 17 N,5 Hz ooz = 2 17 N,5 Hz £
2 {\ S| § &2 042 2
§os; 02gl 5 oto.1 3
e 5l 2 3o 5 e
) 91001 0 ¢ +0.2> o
£0.34 0.1~ s 2., g o
3 V.49
(8} . 3 \Q\
4 G
0.04 . . . . +0.0 L0.00 0.0 9 T ,2 = - +0.0 L0.0
0 1 2 3 4 10 10 10 10 10
10 10 10 10 10 .
Resistance (KQ) Resistance (KQ)
(C) 1.5
0 month After 6 month

17 N, 3 Hz

-155

0 300 600 900 1200 1500

Time (sec)

Fig. 6 Variation of J, V, and P output with load resistance in (a) dark conditions, (b) light-illuminated conditions. (c) Fatigue test over 20 000 cycles

and after 6 months at 17 N and 5 Hz.
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increased from 0.9 pA cm™2 in the dark to 1.3 pA em ™2, repre-
senting a nearly 44% rise, and V,. increased from 0.5 V to 0.8
V, i.e. about a 60% increase, when illuminated with a light of
intensity of 100 mW c¢m™> while the mechanical force was
applied consistently (Fig. S51). Under an applied mechanical
force, both current and voltage increase due to the synergistic
effect of strain-induced piezoelectric polarization and
enhanced photon absorption. Provided a junction geometry is
used, this effect might be well applied for photovoltaic appli-
cations, by improving charge separation and lowering recombi-
nation losses, which will be the subject of future study. We
therefore show that the coupling mechanism plays a crucial
role in modulating carrier transport and dipole dynamics.®*”?
The output voltage, current and power were therefore recorded
from the nanogenerator with an external resistance load under
the optimised 17 N and 3 Hz. A maximum output power of
0.025 pW cm™> from the device under dark conditions
(Fig. 6a) and an output power of 0.13 pW cm > with a light
intensity of 100 mW c¢m™> (Fig. 6b) can be viably extracted.
Moreover, The LN-ZTS piezo-nanogenerator under illumina-
tion can endure nearly 20 000 cycles during 1 h of continuous
operation, and even after 6 months can provide stable output
power with only a minor decrease (~5%), as indicated in
Fig. 6(c). The stability and durability of the LN-ZTS piezophoto-
tronic responses suggest that, with further optimization of the
device geometry and density and by controlling the mor-
phology and orientation of the LN-ZTS NCs in the generator
devices, higher performance might reasonably be achieved.
When compared to very few sulfide-based piezoephototronic
nanomaterials reports available (see Table S2t), LN-ZTS NCs
with a high ds; value and an already low band gap, will have
abundant potential in the near future to be studied as feasible
economic candidates for a multitude of energy harvesting
applications. To the best of our knowledge, there has been no
prior report on piezopotential-induced energy harvesting using
ternary metal sulfide nanostructures, and this finding opens
up new possibilities for identifying new photoresponsive piezo-
electric ternary sulfide semiconductors.

Conclusions

With the augmented hunt for eco-friendly, lead-free, multi-
functional, self-powered electronics materials, the focus is now
mainly on coupling photonic and both ferroelectric and piezo-
electric properties. Towards that end, ternary chalcogenide
compounds have rarely been explored. Recent theoretical and
specific experimental reports on LiNbO;-structured ZnSnS; as
a candidate semiconducting ferroelectric material, open up
possibilities for investigating both mechanical and light
energy harvesting using a ternary sulfide-based material.
Herein, we propose a one-step hydrothermal synthesis of hex-
agonal R3c, LiNbO; type-ZnSnS; (LN-ZTS) nanoflakes of
dimension 20-30 nm and show that with a band gap energy of
~1.9 eV and possessing a piezoelectric coefficient (ds3) of ~19
pm v, the LN-ZTS nanogenerator can harvest an output
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power of ~0.13 pW cm > for 100 mW cm > under a constant
mechanical impact. While the output power is still not on a
par with oxide-based ceramic piezophototronic systems, identi-
fying a functional sulfide material using a low-cost synthesis
method is set to offer a sustainable direction for photorespon-
sive vibrational energy harvesting.
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