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ABSTRACT: Tin (Sn)-based two-dimensional (2D) materials
exhibit intriguing mechanical and optoelectrical properties owing to
their non-centrosymmetric crystallinity and tunable band structures.
A judicious integration of these individually decoupled properties is
projected to introduce unparalleled functionalities into them, which
remain largely unexplored. Herein, we develop wafer-scale tin
selenide (SnSe2−x, 0 < x < 1) 2D layers composed of thermodynami-
cally stable coexisting phases of SnSe and SnSe2 with distinct
functionalities and identify a strong interplay between their
mechanical and optoelectrical characteristics. Mechanically, they display a strain-dependent piezoelectricity upon an anisotropic
deformation of convex vs concave bending. Optoelectrically, they present an optical pulse-induced potentiation and synaptic
plasticity accompanying a wavelength-tunable photoconduction upon visible to near-infrared (IR) illuminations. Harnessing these
two independent features in a coupled manner enables a drastic enhancement of their synaptic responsiveness by >40% with a
piezostrain of <1%. These findings suggest opportunities for atomically thin semiconductors in mechano-optical neuromorphic
device applications.
KEYWORDS: Tin Selenide, 2D SnSe2−x, Artificial Synapse, Neuromorphic Application, Synaptic Plasticity, Piezo-phototronics

Developing next-generation optoelectronics and neuro-
morphic applications demands advanced photorespon-

sive materials with unconventional structures and multi-
functionalities as device building blocks. In this regard,
atomically thin 2D SnSe2−x layers of controlled chemistries
(i.e., 0 < x < 1) have drawn significant attention due to their
extraordinary optoelectronic and piezoelectric character-
istics.1−4 They are thermodynamically stable in two distinct
structural phases and compositional stoichiometries of tin
monoselenide (SnSe) and tin diselenide (SnSe2). SnSe exhibits
excellent thermoelectric and piezoelectric properties owing to
its non-centrosymmetric nature, enabling mechanical stress-
driven polarizations.3,5 This p-type semiconductor with a
bandgap of ∼1.0 eV accordingly presents deformation-driven
anisotropic electrical and optical properties useful for various
applications.2,6−8 Conversely, SnSe2 is an n-type semi-
conductor with a similar bandgap but possesses a hexagonal
CdI2-type crystal structure. It stands out for its strong
photoresponsiveness in a broadband spectral range of visible
to near-IR; thus, it is particularly promising for optoelectronic
devices.2,8−10 Recent studies have attempted to explore 2D
SnSe2−x layers composed of co-phased SnSe and SnSe2, aiming
to realize their unconventional yet superior functional-
ities.5,11−13 Synergistically modulating the distinct function-
alities of each constituent SnSe and SnSe2 with various external
stimuli such as mechanical strains and optical pulses can

dynamically harness device performances.14−16 For example,
this “coupling” approach enables a precise tuning of photo-
responsiveness under controlled deformation conditions,14,17

which projects expanded opportunities toward emerging
technologies such as artificial synapses and neuromorphic
systems.18−20

Herein, we report on a significant enhancement of optically
modulated synaptic plasticity in wafer-scale (>cm2) flexible 2D
SnSe2−x layers containing two phases of SnSe and SnSe2 via
bidirectionally applied piezostrains. The 2D layers are grown
via a low-temperature chemical vapor deposition (CVD)
process in a range of 150 to 300 °C, accompanying a
temperature-dependent phase transition of SnSe to SnSe2.
They exhibit deformation orientation-dependent piezoelec-
tricity and wavelength-tunable broadband-responsiveness,
simultaneously leveraging characteristics of SnSe and SnSe2,
respectively. Such independently realized piezo- and optical
properties are synergistically coupled to demonstrate an
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optically potentiated artificial synaptic plasticity and its
piezostrain-driven enhancements.
Figure 1a shows an image of wafer-scale 2D SnSe2−x layers

prepared with an identical Sn thickness of 24 nm at various
CVD temperatures, with growth conditions detailed in the
Experimental Methods section of the Supporting Information.
Despite the constant thickness of Sn seed films, a noticeable
progression of color changes is observed with increasing
temperature, suggesting variations in the thicknesses and
chemical compositions of the resulting samples. In fact, atomic
force microscopy (AFM) characterizations (Supporting
Information Figure S1) reveal a systematic increase of the
thickness with increasing temperature, indicating a temper-
ature-dependent transition of structural phases across the
samples, to be clarified in the next section. Raman spectros-
copy characterizations were performed to identify the chemical
structures of the samples, as presented in Figure 1b. For the
samples grown at lower temperatures (e.g., 150 °C), two
distinct peaks at 69.35 and 153.45 cm−1 are observed,

corresponding to the A1
g and A2

g vibration modes of
SnSe.3,21 Interestingly, these peaks are gradually suppressed
with reduced intensities as the CVD temperature increases.
Furthermore, additional peaks appear at multiple locations,
e.g., dominantly at 185.27 cm−1, which becomes more
pronounced with increasing temperatures. For example, an
enlarged view of the Raman spectrum for the sample grown at
300 °C shows small peaks at 108.64 and 118.26 cm−1, along
with a strong peak at 185.27 cm−1, corresponding to the B3g,
Eg, and A1

g vibration modes of SnSe2, respectively.
21,22 This

observation indicates a temperature-dependent transition of
SnSe to SnSe2, suggesting a coexistence of SnSe and SnSe2 in
the samples, both of which are known to be thermodynami-
cally stable depending on temperatures.21,22 The oxidation
states of the SnSe2−x samples prepared at four different
temperatures were inspected by using X-ray photoelectron
spectroscopy (XPS). XPS spectra of Sn 3d and Se 3d core-level
binding energies are presented for two representative samples
grown at 200 °C (Figure 1c) and 300 °C (Figure 1d). In

Figure 1. Characterization of low-temperature CVD-grown centimeter-scale 2D SnSe2−x layers: (a) Images of 2D SnSe2−x layers grown on SiO2/Si
wafers prepared at various CVD temperature. (b) Raman spectra of 2D SnSe2−x layers grown at various CVD temperature. (c, d) High-resolution
core-level XPS spectra of Sn 3d (left) and Se 3d (right) obtained from 2D SnSe2−x layers grown at (c) 200 °C and (d) 300 °C. (e) Growth
temperature-dependent atomic ratio of Se/Sn. (f) XRD patterns of 2D SnSe2−x layers grown at 300 °C. (g) Plane-view HR-STEM image and its
corresponding low-magnification image (inset). (h) SAED pattern corresponding to (g) confirming a coexistence of SnSe and SnSe2 phases. (i)
Cross-sectional EDS elemental mapping images of 2D SnSe2−x layers. (j) EDS spectrum corresponding to (i).
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Figure 1c, the XPS spectra of the sample grown at 200 °C
reveal two distinct Sn 3d doublets, with the first at 486.4 and
494.8 eV corresponding to the Sn2+ states of SnSe, and the
second at 487.3 and 495.7 eV indicating the Sn4+ states of
SnSe2.

5,21,23,24 Similarly, the Se 3d spectra show doublets at
53.7 and 54.6 eV for SnSe and the others at 55.1 and 55.8 eV
for SnSe2.

5,21,23,24 The sample grown at 300 °C also displays
two doublets, as presented in Figure 1d. The Sn 3d peaks at
486.5 and 494.9 eV are associated with Sn2+ of SnSe, while the
peaks at 487.4 and 495.7 eV correspond to Sn4+ of SnSe2. The
Se 3d spectra show similar patterns with doublets at 53.9 and
54.7 eV for SnSe and at 55.2 and 56.0 eV for SnSe2.

5,21,23,24

These findings confirm that the SnSe2−x samples are composed
of a mixture of stoichiometric SnSe2 and SnSe phases, whose
XPS peak positions are all consistent with previous
studies.5,21,23,24 The chemical compositions (i.e., x values) of
the SnSe2−x samples are quantified by XPS analysis, yielding
temperature-variant atomic ratios: Sn:Se = 73:27 (150 °C),
50:50 (200 °C), 44:56 (250 °C), and 41:58 (300 °C). All the
corresponding XPS spectra are presented in the Supporting
Information, Figure S2. A correlation of Sn:Se ratios vs CVD
temperature is provided in Figure 1e, which confirms a
transition of SnSe to SnSe2, i.e., toward Se-rich phases with
increasing temperatures. It is worth mentioning that these
comprehensive observations of the temperature-dependent
phase transition well agree with the temperature-dependent

thickness increase of SnSe2−x samples (Supporting Informa-
tion, Figure S1), reflecting a gradual temperature-dependent
increase of Se concentration. Among the compositionally
variant samples prepared at four different temperatures, we
chose to employ the 300 °C samples for further structural
characterizations and optoelectronic applications based on the
following justifications: (1) Samples grown at higher temper-
atures exhibit better optoelectronic performances due to an
abundance of more photoresponsive SnSe2 over SnSe. (2)
Simultaneously, the CVD growth temperature should not be
too high, as polymers such as polyimide (PI) will be employed
as growth substrates for demonstrations of flexible optoelec-
tronics. The demonstrated CVD process allows for the direct
growth of SnSe2−x films on PI substrates without requiring
additional postdeposition chemical treatments or complex
multistep procedures, ensuring scalability and practicality for
large-scale device applications. Figure 1f presents an X-ray
diffraction (XRD) pattern obtained from a sample grown at
300 °C, revealing a coexistence of crystalline SnSe and SnSe2
phases. The SnSe XRD peaks observed at 27.02°, 30.99°, and
52.74° correspond to the orthorhombic SnSe structure (i.e.,
Pnma (62) space group) with lattice planes of (210), (400),
and (221), respectively, according to ICDD No. 32-1382.25,26

Also, the SnSe2 XRD peaks at 30.90°, 39.90°, 47.82°, and
50.14° correspond to the hexagonal SnSe2 structure (i.e., P3̅m1
(164) space group) with lattice planes of (011), (012), (110),

Figure 2. Confirmation of intrinsic piezoelectricity in SnSe2−x/PI and its anisotropic deformation-driven piezo-current generation: (a) Temporal
response plots of piezo-current generation with increasing pressure values along with its corresponding sample image (inset). (b) Correlation of
applied pressure and generated current during compression (blue) and release (red) cycles. (c) Images of the SnSe2−x/PI sample (top) and its
sequential bending (bottom). (d) Diagram to calculate bending strain values. (e) Schematic illustrations of concave and convex bending applied to
SnSe2−x/PI. (f, g) I−V characteristics obtained under varying strain conditions: (f) concave (compressive) bending and (g) convex (tensile)
bending. (h, i) Enlarged views of the red boxes in (f) and (g), corresponding to (f) concave and (g) convex bending, respectively. (j, k) Temporal
responses of current changes obtained during cycles of (j) concave and (k) convex bending, respectively.
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and (111), respectively, according to ICDD 01-089-2939.27,28

Figure 1g presents a high-resolution (HR) transmission
electron microscopy (TEM) image of the 300 °C SnSe2−x
sample, revealing the polycrystalline structure of CVD-grown
2D van der Waals (vdW) layered crystals.29−31 The inset
shows the corresponding plane-view low-magnification TEM
image. A cross-sectional HR-TEM image of another sample is
presented in the Supporting Information, Figure S3, which
shows a mixed orientation of vertically slanted 2D vdW layers.
Figure 1h displays a selected area electron diffraction (SAED)
pattern of the 2D SnSe2−x layers, which is indexed by the (102)
plane (orange) of SnSe along with the (100), (003), and (103)
ring patterns (red) of SnSe2. Observations of these indexed
ring patterns indicate that the 2D SnSe2−x layers are in a
polycrystalline structure composed of both SnSe and SnSe2
phases, consistent with XRD characterizations. Figure 1i shows
cross-sectional energy dispersive X-ray spectroscopy (EDS)
elemental mapping images of the 2D SnSe2−x layers grown on a
SiO2/Si wafer in scanning TEM (STEM) mode. The images
visualize a compositional uniformity of constituent Sn and Se,
indicating a spatial homogeneity of the co-phased SnSe and
SnSe2. The corresponding EDS atomic fraction line profiles are
presented in the Supporting Information, Figure S4. Figure 1j
displays a representative EDS spectrum where x is in a typical
range of ∼0.15 to 0.5, varying with sample preparation
conditions.
The intrinsic piezoelectricity of the 2D SnSe2−x layers was

investigated by using corroborative force−current measure-
ments. Figure 2a presents temporal responses of force vs
current obtained from 2D SnSe2−x layers grown on a PI
substrate (inset image), measured at zero bias with a motorized

force tester (Mark-10 ESM303). ObservatiOn of the bidirec-
tional current generation and its subsequent increase upon a
cycle of compressing/releasing forces indicates pressure-
dependent piezoelectricity, which is mainly attributed to the
SnSe phases with large piezoelectric coefficients and non-
centrosymmetric structures.4 Figure 2b shows a correlation of
maximum piezoelectric current vs applied pressure obtained
under compression (blue) and release (red) forces, yielding a
highly linear relationship. In fact, multiple studies, including
one on single-phased SnSe, have demonstrated intrinsic
polarization-driven piezoelectricity, contextualizing the ob-
served behavior.32−35 The mechanical bendability of the
SnSe2−x/PI sample is demonstrated in Figure 2c, where r
represents the radius of each curvature (red circle) and ε
represents its corresponding bending strain. The ε values are
calculated based on the diagram in Figure 2d using h

r2
=

,35−37 where h and r represent the thickness of PI and the
whole radius of the SnSe2−x/PI sample under bending,
respectively. For the calculation, it is reasonably assumed
that the thickness of 2D SnSe2−x layers is negligible compared
to those of h and r. Figure 2e illustrates a schematic of concave
vs convex bending systematically applied (i.e., “ON”) to the
sample, which is to be employed for corroborative bending
strain−piezo-current characterizations. The SnSe2−x/PI sample
is subjected to continuous current−voltage (I−V) sweeps
under a sequences of concave vs convex bending with varying ε
values, as presented in Figures 2f and 2g, respectively. Figure 2f
presents a steady increase in the current with increasing
degrees of concave (compressive) bending, while Figure 2g
shows a current decrease with increasing degrees of convex

Figure 3. Confirmation of semiconducting nature and broadband (i.e., visible to near-IR) photoresponsiveness of 2D SnSe2−x layers. (a) FET Ids−
Vds transfer characteristics of 2D SnSe2−x layers indicating an n-type semiconducting transport along with the corresponding sample image (inset).
(b) Ids−Vg transfer curve revealing an electron mobility (μ) of ∼2 cm2 V−1 s−1. (c) Ohmic transport of SnSe2−x/PI with IDE-patterned Au
electrodes and its corresponding sample image (inset). (d) Time-dependent photocurrents of SnSe2−x/PI under periodic 625 nm illumination with
varying intensities. (e) Intensity-dependent linear generation of photocurrent at 625 nm. (f) Time-dependent photocurrents under periodic 940 nm
illumination with varying intensities. (g) Intensity-dependent linear generation of photocurrent at 940 nm.
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(tensile) bending. The enlarged views of the red-boxed I−V
characteristics in Figures 2f and 2g are presented in Figures 2h
and 2i, respectively. The results highlight a noticeable increase
(Figure 2h) vs decrease (Figure 2i) of the current under
concave vs convex bending, respectively. This observation of
the directionality-dependent anisotropic current generation is
highly consistent with the bidirectional piezoelectricity
observed in Figure 2a. Furthermore, it reflects the electrical
polarization-associated flexoelectric nature of 2D SnSe2−x
layers driven by an uneven distribution of strain gradients
within them, similarly observed in a wide range of polarized
materials.38−40 The observed anisotropic piezoelectricity is
further studied with time-variant measurements of bending
cycles vs piezo currents. Figures 2j and 2k demonstrate
temporal responses of the piezo-current generation upon
periodically applied concave and convex bending, respectively.
Consistent with Figures 2h and 2i, the sample exhibits
anisotropic piezoresponses manifested by opposite current
directionalities. Specifically, for concave bending, the current
increases during the ON state (bending) and decreases during
the OFF state (return to the unbent state), whereas for convex
bending, the current decreases during the ON state and
increases during the OFF state. The experiments were
performed involving 20 s of bending cycles with 10 s of rest
and 20 s of return intervals, measured at a fixed strain rate of 1
mm/s and 3 V bias.
Toward the projected integration of the anisotropic

piezoelectricity of 2D SnSe2−x layers into optoelectronic
applications, their intrinsic carrier transport properties were
characterized by field-effect transistor (FET) responses. Figure
3a presents an FET output curve of drain−source current (Ids)
vs drain−source voltage (Vds) characteristics obtained from a
back-gated FET employing 2D SnSe2−x layers directly grown
on a SiO2/Si wafer. A schematic illustration of the back-gated
FET device is presented in Supporting Information, Figure S5.
The FET (inset image) exhibits an increase in Ids with
increasing back-gate voltage values (Vg: legend), indicating n-
type semiconducting characteristics of the 2D SnSe2−x layers-
based channel. This n-type behavior is attributed to the SnSe2

phase within the sample, as stoichiometric 2D SnSe2 layers are
known to be n-type semiconductors, according to previous
FET studies.41−43 Figure 3b displays the corresponding Ids−Vg
curve, further confirming the n-type gate response, where the
linearity of the curve44 yields an electron mobility of ∼2 cm2

V−1s−1. Figure 3c presents an I−V plot obtained from a
SnSe2−x/PI sample patterned with gold (Au) interdigitated
electrodes (IDEs), confirming its highly Ohmic transport. In
Figure 3d through Figure 3g, the photoresponsiveness of other
SnSe2−x/PI samples associated with their semiconducting
nature was systematically studied under varying illumination
conditions, as demonstrated with individual SnSe45,46 and
SnSe2.

47,48 Figure 3d shows temporal responses of photo-
current generations under periodic illuminations with an
interval of 30 s and varying intensities, measured at a
wavelength of 625 nm. Figure 3e presents the corresponding
correlation of light intensity vs maximum photocurrent,
revealing a high linearity. Similar photoresponsiveness
characteristics are also observed at a different wavelength of
940 nm, as manifested by the temporal current responses
(Figure 3f) and the linearity of intensity−photocurrent (Figure
3g), confirming the broadband nature of 2D SnSe2−x layers
across visible to NIR spectral ranges. The wavelength-
dependent spatial responsivity values, determined from the
linear slopes in Figures 3e and 3g, are 6.58 nA m2/W at 625
nm and 0.43 nA m2/W at 940 nm, respectively.
Having confirmed the intrinsic photoresponsiveness of 2D

SnSe2−x layers, we set out to explore their optically modulated
synaptic plasticity toward artificial synapses and neuromorphic
applications. The optical synaptic characteristics of SnSe2−x/PI
samples were characterized under repetitive and instantaneous
application/cessation of optical pulse stimuli. The artificial
synapse model by Atkinson and Shiffrin49 simulates the human
brain’s learning/forgetting mechanisms as an interplay of
optical stimuli and consequential electrical responses that are
registered in sensory memories. Repetitively applied external
stimuli, such as optical pulses, generate electrical signals in the
surrounding environment of organs, representing short-term
memory (STM) that lasts for a few seconds to minutes,

Figure 4. Illumination pulse-controlled optical introduction of broadband synaptic plasticity in SnSe2−x/PI. (a) Synaptic plasticity characteristics
introduced by 1 s interval pulses repeated for 10 times at wavelengths of 625 nm (top) and 940 nm (bottom). (b, c) 625 nm pulse-enabled STP/
LTP characteristics manifested by ΔEPSC values with varying conditions of (b) pulse number and (c) frequency. (d, e) 940 nm pulse-enabled
STP/LTP characteristics manifested by ΔEPSC values with varying conditions of (d) pulse number and (e) frequency. (f, g) PPF determination
plots obtained at wavelengths of (f) 625 nm and (g) 940 nm. (h) PPF indexing modulated by EPSC variations under initial (A1) and secondary
(A2) stimuli at wavelengths of 625 and 940 nm. (i) Wavelength-dependent normalization of photocurrents for each illumination pulse, extracted
from (a).
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mimicking the learning process. This short-term retention of
stored information can be spontaneously converted to long-
term memory (LTM) with much longer durations, simulating
the forgetting process.50 Accordingly, realizing the optically
modulated STM-to-LTM transition is essential for demon-
strating the entire learning/forgetting process of artificial
synapses, which should accompany repetitive and instanta-
neous applications of stimuli for very short terms (typically, < a
few seconds). Figure 4a demonstrates the short-term plasticity
(STP) and long-term plasticity (LTP) characteristics of a
representative SnSe2−x/PI device under illuminations at
wavelengths of 625 nm (top) and 940 nm (bottom) (i.e.,
visible to near-IR range). The STP characteristics were
introduced by optical pulses with small intervals of 1 s,
much smaller than the 30 s adopted for the photoresponsive-
ness measurements in Figure 3d and 3f. The optically
potentiated device exhibits the LTP characteristics manifested
by a slow and spontaneous decay of the generated photo-
current (i.e., change in excitatory postsynaptic current
(ΔEPSC)), which is realized once the illuminations are
terminated. Figures 4b and 4c present illumination-condi-
tion-dependent STP/LTP characteristics at a wavelength of
625 nm, manifested by a variation of pulse number, N, and
pulse frequency, f, respectively. Noticeable transitions of STP
to LTP are observed irrespective of the pulse condition
variations, indicating the optically modulated synaptic
plasticity of 2D SnSe2−x layers. Similar transition characteristics
are also observed under 940 nm illumination, as demonstrated
with a variation of N (Figure 4d) and f (Figure 4e). The STM
and LTM-associated synaptic characteristics are attributed to
the presence of high-density localized charge-trapping sites
introduced by Se vacancies and grain boundaries inherent to
the co-phased SnSe2−x films. This defect-mediated alteration of
charge carrier dynamics, i.e., persistent photoconductivity
(PPC)-driven memory effect, is generally responsible for
optically induced synaptic phenomena involving the capture
and release of electron−hole pairs over varying time scales.50,51

In this regard, the PPC memory retention characteristics can
be improved by optimizing the defect densities in SnSe2−x films
through CVD condition adjustments, enabling a balance
between their STM and LTM dynamics and thereby enhancing
their suitability for neuromorphic applications. Paired-pulse
facilitation (PPF) is another crucial parameter used to identify
the proficiency of artificial synapses, which is defined as the
EPSC ratio corresponding to two consecutive optical stimuli.18

Figures 4f and 4g illustrate the PPF indexing achieved at 625
and 940 nm illuminations, respectively, under optical pulses
with on/off intervals of 1 s for each wavelength. Figure 4h
depicts comprehensive PPF indexing curves obtained with
EPSC variations under a series of A1 and A2 stimuli. The fitting
curves are derived from eq 1:

i

k

jjjjj

y

{

zzzzz

i

k

jjjjj

y

{

zzzzz
c

t
c

t
PPF index exp exp 11

1
2

2
= · + · +

(1)

where the relaxation times τ1 (or τ2) correspond to the fast (or
slow) phase of the PPF index, respectively. The amplitude of
the fast (or slow) phase is implied by c1 (or c2), corresponding
to the initial facilitation values. Generally, τ2 has a value
distinctively larger than that of τ1, indicating successive
synaptic operations.51 An observation of the gradual decrease
in PPF indexing values as a function of interval period, Δt,
confirms that the 2D SnSe2−x layers possess the desired
synaptic characteristics. Furthermore, Figure 4i displays a plot
of the normalized photocurrent ratio with respect to the dark
current as a function of N, extracted from Figure 4a. The
steady decrease in the relative photocurrent for adjacent N
values indicates a gradual decrease in ΔEPSC ratios, consistent
with the PPF indexing results. Overall, through the
comprehensive characterizations in Figure 4, the SnSe2−x/PI
device is confirmed to effectively function as an artificial
synapse, simulating essential features of the human brain’s
functionalities under broadband stimuli.

Figure 5.Modulation of synaptic photoresponsiveness by piezostrain coupling using a 405 nm laser source. (a, b) Enhancement and suppression of
ΔEPSC by (a) concave (compressive) and (b) convex (tensile) bending, respectively. (c, d) Time-dependent systematic modulation of ΔEPSC
revealing (c) concave strain-driven enhancement and (d) convex strain-driven suppression. (e) Average values of maximum ΔEPSC enhanced vs
suppressed by convex vs concave bending with varying strain values.
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Lastly, we demonstrate the enhancement of the optical
synaptic plasticity of SnSe2−x/PI devices by harnessing their
piezoelectricity through a fine modulation of piezo-
strains,14,17,52−55 toward further strengthening their potential
for flexible neuromorphic applications. Figure 5a demonstrates
the piezo-driven enhancement of the synaptic response (i.e.,
ΔEPSC) of a device undergoing concave bending with
systematically varying bending strains. The photocurrent is
observed to steadily increase with increasing concave bending
strain values, consistent with the predictions based on the
observations without illuminations in Figure 2f and 2h.
Conversely, when subjected to a convex bending, as
demonstrated in Figure 5b, the identical device exhibits exactly
opposite characteristics; that is, ΔEPSC decreases with more
significant bending. The negativity (or positivity) of the values
represent the concave (or convex) bending, respectively.
Figures 5c and 5d demonstrate temporal responses of
maximum ΔEPSC values obtained under concave and convex
bending cycles, respectively, with various strain values. It is
worth mentioning that the illumination distances during the
cycles are maintained to be constant, thus ruling out any
possibility of illumination intensity changes, which further
confirms that the synaptic modulation was driven by the
bidirectional piezoelectricity of the device. Figure 5e shows a
correlation of average ΔEPSC obtained during the bending
cycles with the absolute values of bending strains, revealing a
significant piezo-photonic enhancement (or reduction) of up
to ∼40% by a strain of <1%. It is worth emphasizing that this
pronounced strain-driven modulation of photoresponsiveness
and its synaptic applications were realized with “wafer-scale”
CVD-grown 2D materials beyond mechanically exfoliated
small 2D flakes. This accomplishment contributes to advancing
strain-engineered dynamic mechano-optoelectronic function-
alities in potentially “all-2D” systems of scaled-up dimensions
accompanying matured fabrication technologies.
In summary, our investigations into the piezoelectricity-

driven dynamic modulation of optical synapses inherent in
wafer-scale 2D SnSe2−x layers reveal opportunities for flexible
and adaptive neuromorphic devices. The co-phased SnSe2−x
structure, synthesized via a controlled low-temperature CVD
selenization reaction, uniquely integrates the complementary
electronic and optical properties of SnSe and SnSe2 phases,
offering improved advantages for optoelectronic applications.
Furthermore, this piezo-photonic coupling approach can be
applied to a variety of semiconducting and polarized materials
with intrinsic mechanical deformability, thus opening up a
wide range of futuristic and transformative technologies.
Accordingly, this study establishes a novel framework for
mechano-optoelectronic flexible devices of practically relevant
length scales.
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