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ABSTRACT

Two-dimensional materials provide a versatile platform for flexible optoelectronics. However, previous strain-engineered flexible
photodetectors have generally exhibited a narrow spectral range, with most studies focusing solely on the visible range and lacking
broadband response capability. Here, we present a flexible photodetector based on the MoTe,/In,Se; van der Waals heterojunction,
where the piezophototronic effect and strain-induced bandgap modulation are combined to achieve a strain-enhanced broadband
response from the visible to the short-wave infrared. Under controlled uniaxial tensile strain, the induced piezo-potential within
the heterojunction significantly enhances the built-in electric field at the interface, while the strain-reduced bandgap of MoTe,
synergistically promotes photocarrier generation and separation. Consequently, the device exhibits a broadband photoresponse
and pronounced responsivity enhancements of 191% at 638 nm and 260% at 1310 nm under optimized tensile strain, along with an
ultralow dark current of 9.4 pA. These results demonstrate an effective strain-modulated photon-to-electron transition in flexible
van der Waals heterostructures and offer a viable strategy for designing high-performance flexible optoelectronic devices.

1 | Introduction

Flexible photodetectors, as essential components in flexible opto-
electronic circuits [1-3], have garnered broad research interest
for their promising applications in optical interconnects [4, 5],
health monitoring [6-8], and image sensors [9-11]. Free from
the constraints of physical rigidity, flexible photodetectors can
conform intimately to various curved and contoured surfaces in
their working environments. This inherent adaptability further
enables stable operation under diverse mechanical deformations,
including bending, stretching, or even twisting, while simul-
taneously processing complex and variable optical signals in
real-time [12-14]. Among various photoactive materials [15, 16],

2D materials (2DMs) have emerged as a promising platform for
constructing high-performance flexible photodetectors, owing to
their atomic-scale thickness, exceptional mechanical flexibility,
and tunable band-structure diversity [17-24]. Moreover, their
integration on flexible substrates eliminates lattice-matching
constraints inherent to bulk semiconductors, enabling versatile
manipulation of band structures and carrier transport [25, 26].

Extensive research on flexible photodetectors has predom-
inantly focused on maintaining device performance under
mechanical deformation [27-31]. Intrinsic strain in flexible
architectures induces modulation of optoelectronic characteris-
tics by piezophototronic effect [32-37], strain-induced bandgap
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modulation [38-43], and the strain-enhanced photovoltaic effect
[44]. Although previous studies have demonstrated a strain-
induced enhancement in photodetector responsivity, the under-
lying mechanisms regulating device performance remain largely
empirical and lack systematic analysis. Furthermore, the reported
flexible photodetectors generally exhibited limited spectral cov-
erage, with most operating effectively only in the visible range.
In the short-wave infrared (SWIR) range, where light exhibits
strong tissue penetration and low scattering, such devices are
pivotal for biomedical imaging [45] and optical integrated sensing
and communication [46]. Therefore, it is imperative to rationally
design flexible photodetectors based on fundamental physical
principles, which demonstrate broadband response from the
visible to the SWIR.

To address these challenges, we designed a MoTe,/In,Se;
van der Waals heterojunction to harness the multiple strain-
responsive principles. Although MoTe,/In,Se; heterostructures
have demonstrated potential for multicolor and polarization-
sensitive photodetection, the impact of mechanical strain on
their optoelectronic properties remains largely unexplored [47].
MoTe,, a representative transition metal dichalcogenide material
with an indirect bandgap of ~1.04 eV, exhibits intrinsic infrared
absorption with a cutoff near 1192 nm. Under tensile strain, its
bandgap can be narrower, enabling longer-wavelength absorp-
tion. In contrast, In,Se; exhibits strong piezoelectricity, enabling
the generation and distribution of piezoelectric charges under
strain [36-38]. In the flexible photodetector, these mechanisms
act cooperatively under controlled uniaxial tensile strain. The
strain amplifies the built-in field via the In,Se; piezopotential and
reduces the MoTe, bandgap, which in turn boosts the generation
of photoinduced carriers and facilitates their separation. As a
result, the obtained photodetector exhibits a broadband, strain-
enhanced photoresponse from the visible to the SWIR. Under
optimized tensile strain, it exhibited pronounced responsivity
enhancement of 191% at 638 nm and 260% at 1310 nm, along
with a significantly suppressed dark current of 9.4 pA and a
high specific detectivity of 3.20x10° Jones. This synergistic strain-
engineering strategy establishes a general pathway for designing
flexible, high-sensitivity broadband photodetectors by combining
bandgap-tunable and piezo-responsive 2DMs in van der Waals
heterostructures.

2 | Results and Discussion

A flexible photodetector based on a MoTe,/In,Se; vertical van der
Waals heterostructure was fabricated on a polyimide substrate, as
illustrated in Figure la. The corresponding layered architecture
of the device is shown in Figure 1b. Fabrication started by
planarizing the polyimide substrate with the SU-8 layer and
depositing Ti/Au (5/25 nm) electrodes via e-beam evaporation.
We then used a PDMS-assisted dry transfer method to vertically
stack mechanically exfoliated MoTe, and In,Se; flakes onto the
electrodes. Finally, an hBN capping layer and an SU-8 encapsula-
tion layer protected the heterostructure and enhanced its stability.
Raman spectroscopy was employed to confirm the composition
and structural quality of the constituent materials and the pre-
pared heterostructure (Figure 1c). The MoTe, nanoflake exhibits
characteristic Raman peaks at 173 cm™ (A,,, out-of-plane) and
233 cm™! (B, in-plane), confirming its 2H phase. Meanwhile,

the a-In,Se; spectrum displayed distinct peaks at 88 cm™ (E
mode, symmetric phonon vibrations), 104 cm™ (A,(LO+TO)),
180 cm™ (A,;(LO)), and 194 cm™! (A,(TO)), where the A;(LO)
and A,(TO) modes originate from longitudinal-transverse optical
splitting [47-50]. In the overlapping region of the heterostructure,
the presence of well-resolved Raman peaks from both 2H-MoTe,
and a-In,Se; provides evidence of its successful preparation via
mechanical stacking. Furthermore, the negligible defect peaks
suggest a high-quality interface.

Atomic force microscopy (AFM) reveals the thickness of the
transferred flakes, with MoTe, and In,Se; showing multilayer
thicknesses of approximately 58 and 62 nm, respectively (Figure
S1). To further probe the interfacial electronic properties, we
conducted Kelvin probe force microscopy (KPFM, Figure 1d).
According to the KPFM measurements, In,Se; exhibits a higher
surface potential than MoTe,, indicating a smaller work function.
Upon contact, electrons transfer from In,Se; to MoTe, until
Fermi-level equilibration, leading to the formation of a depletion
region and a built-in electric field directed from In,Se; toward
MoTe,. The measured surface potential difference of ~160 mV
further confirms the work function difference and supports the
formation of the interfacial built-in field (Figure 1e). Further-
more, the p-type and n-type semiconducting behaviors of MoTe,
and In,Se; were verified through the transfer characteristics of
corresponding field-effect transistors fabricated on SiO,/n*-Si
substrates (Figure 1f) [49, 50]. The complementary p-type and
n-type characteristics indicate that stacking these two materials
forms a p-n junction at the heterointerface. This conclusion is
further supported by the rectifying behavior observed in the dark
current-voltage (I-V) characteristics (Figure S2). Based on this
curve, the ideality factor extracted from the forward-bias region
using the Shockley diode model [35, 36] is n = 3.95 (Figure S4). A
detailed discussion of the ideality factor is provided in Section S4.

Building on the structural and interfacial characterizations,
we systematically investigated the photoresponse characteristics
of the flexible MoTe,/In,Se; heterojunction photodetector. The
photodetector was initially characterized under unstrained con-
ditions, exhibiting a broadband photoresponse from the visible to
the SWIR. We measured the current-voltage (I-V) characteristics
under 638 nm illumination with optical power ranging from
12 nW to 380 uW (Figure 2a). The depletion layer at the van
der Waals heterojunction interface effectively suppresses dark
current, resulting in an ultralow value of 9.4 pA under a reverse
bias of —2 V. Moreover, the presence of the heterojunction struc-
ture enables a distinct self-powered photocurrent under 638 nm
illumination, which increases markedly with rising optical power
(Figure S2). Meanwhile, the device exhibits a pronounced pho-
toresponse under both forward- and reverse-bias conditions.
The photocurrent increases consistently with incident optical
power, attributed to the increased number of photogenerated
carriers at higher excitation intensities. The relationship between
photocurrent and optical power under 638 nm illumination was
extracted at bias voltages of —2 and 2 V, as shown in the left
panel of Figure 2b. An approximately linear correlation between
photocurrent and incident optical power (ranging from 12 nW to
380 uW) is observed on a logarithmic scale. The responsivity (R),
shown in the right panel of Figure 2b and calculated as R = I,,,,/P;,
(I,n and P;, denote photocurrent and incident optical power,
respectively), reaches 20.8 mA/W at —2'V and 347.7 mA/W at2V
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FIGURE 1 | Device geometry and characterization of MoTe,/In,Se; heterojunction flexible photodetector. (a) Schematic of the MoTe,/In,Se;
heterojunction photodetector on the polyimide substrate. (b) Schematic of the layered architecture of a flexible MoTe,/In,Se; heterojunction
photodetector. (c) Raman spectra of an isolated MoTe, flake, an In,Se; flake, and the formed MoTe,/In,Se; heterojunction. (d) KPFM measurement of the
surface potential across the MoTe,/In,Se; heterojunction. (e) Line profile of the KPFM potential along the dashed line in (d). (f) Transfer characteristics
of MoTe, and In,Se; field effect transistors at a bias voltage of 0.5 V.
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FIGURE 2 | Optoelectronic characterization of the MoTe,/In,Se; heterojunction photodetector at 638 nm. (a) I-V curves of the MoTe,/In,Se;
photodetector under 638 nm illumination with varying optical power. (b) Measured photocurrent and calculated responsivity as a function of optical
power at bias voltages of —2 and 2V, respectively. (c) Corresponding external quantum efficiency (EQE) and specific detectivity (D*) calculated based on
the noise spectral density at 1750 Hz. (d) Current noise spectral density as a function of frequency under different bias voltages. (e) Spectral responsivity
across different wavelengths. Inset: magnified view of the responsivity in the SWIR region. (f) Temporal photoresponse measured at a 2 V bias.

under an incident power of 12 nW, indicating efficient photon-to-
electron conversion. The R variation is attributed to trap states
in the MoTe,/In,Se; heterojunction [51-53]. These trap states
generally possess a limited density of states. Thus, under low

light intensity, they contribute dominantly to the generation of
photo-induced carriers, leading to high responsivity. However,

as the incident optical power increases, the trap states become
saturated, resulting in a decrease in responsivity. To further
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understand the carrier generation and recombination dynamics,
the I, dependence on incident optical power was analyzed using
the power-law relationship I, = AP*, where A is a proportionality
constant, P is the incident optical power, and « is the power-law
exponent that reflects the carrier generation and recombination
dynamics [37, 54]. The extracted « values are 0.69 at —2 V and
0.47 at +2 V, indicating a sublinear dependence of photocurrent
on incident optical power (Figure S5).

The external quantum efficiency (EQE) of the photodetector
under 12 nW illumination at 638 nm was calculated as a function
of V4 using the equation EQE = Rhc/gA (where h is Planck’s
constant, c is the light speed, g is the elementary electron charge,
and 4 is the wavelength). As shown in Figure 2c (orange line),
the device exhibits an EQE of 67.6% at 2 V and 4.1% at -2 V,
demonstrating its effective photoresponse under both forward
and reverse bias. Meanwhile, the specific detectivity (D*) can

be calculated using the equation D* =R - —VA_‘iM

In

the effective area of the photodetector, Afis the bandwidth, and
i, is the noise current originating from 1/f noise, shot noise,
and thermal noise. We also measured noise spectral density
of the MoTe,/In,Se; photodetector (Figure 2d), which reveals
characteristic 1/f noise that follows the Hooge empirical relation:
Sp=A-i%/ f (i, fand A represent the channel current, frequency,
and noise amplitude, respectively). At a bias of —2 V, the
measured shot noise and thermal noise are 3.34 x 107° A?/Hz
and 8.89 x 10732 A?/Hz, respectively. As shown in Figure 2d,
the 1/f noise serves as the dominant noise source within the
measured frequency range, with its magnitude being at least
two orders of magnitude higher than that of the shot noise and
thermal noise. Therefore, the 1/f noise becomes the dominant
factor limiting the detection sensitivity of the device in the low-
frequency regime. Benefiting from the low dark current and
suppressed noise characteristics of the heterojunction structure,
the device achieves high specific detectivity values of 2.60 x 103
Jones at —2 V and 3.20 x 10° Jones at 2 V, as presented in the right
panel of Figure 2c (purple line).

, where A, is

As shown in Figure 2e, the device operates over a spectral range
from 405 to 1620 nm, spanning wavelengths from the visible
to the SWIR region. It exhibits peak responsivity at 638 nm,
corresponding to its maximum external quantum efficiency. This
spectral response is attributed to the dispersion relation and
the collection efficiency of photogenerated carriers. The inset
of Figure 2e reveals a weak but discernible photoresponse in
the SWIR region, with responsivity values of 2.76 pA/W at
1310 nm and 2.08 pnA/W at 1550 nm. Furthermore, the dynamic
photoresponse of this photodetector was evaluated under a 2 V
bias. As displayed in Figure 2f, the rise and decay times were
measured to be 217 and 168 ps, respectively.

To investigate the effect of strain on the photoresponse of the
MoTe,/In,Se; heterojunction photodetector, we applied tensile
strain to the flexible device using a custom-built testing stage
(Figure S3). By optimizing the device structure through finite
element simulations, we determined the thicknesses of the poly-
imide substrate and SU-8 layer required to apply sufficient strain
to the MoTe,/In,Se; heterojunction. As shown in Figure 3a, one
of the strain configurations employed during testing is illustrated.
When the film is compressed inward from both sides by the

stage, the central region of the film arches upward, generating
tensile strain in the upper surface. 2DMs were precisely fabricated
in this central region to ensure effective strain modulation. In
addition, as shown earlier in Figure 1b, the heterostructure
was encapsulated with an hBN layer and a top SU-8 film to
protect the materials during deformation. The cross-sectional
view along the x-z plane (Figure 3b) provides structural details of
the configuration presented in Figure 3a. The region between the
white and black dashed lines represents the bottom SU-8 layer in
Figure 1b, while the area above the black dashed line corresponds
to the top SU-8 encapsulation. The active device is located along
the black dashed line, where the simulated in-plane x-direction
tensile strain (g, ) reaches 0.91%.

We measured the dependence of the photodetector’s dark current
on applied strain under a —2 V bias and plotted the results
in Figure 3c. As the applied tensile strain increases, the dark
current rises progressively from 9.4 pA at 0% strain to 15.3 pA at
0.91% strain, corresponding to an increase of approximately 63%.
This clear strain-dependent behavior demonstrates the effective
modulation of the dark current by tensile strain. The increase
can be attributed to the strain-induced bandgap narrowing in
MoTe,. The reduced bandgap lowers the carrier excitation energy,
thereby enhancing thermal generation and resulting in higher
dark current [38, 42]. The photoresponse of the device was
characterized under a bias voltage of —2 V by varying both
the optical power and the applied tensile strain across the
visible-to-SWIR wavelength range. As shown in Figure 3d,e,
the device responsivity increases with applied strain from 0%
to approximately 1% under both 638 and 1310 nm illumination.
Under 638 nm illumination with an optical power of 13 nW, the
responsivity rises from 10 mA/W in the flat state to 29.10 mA/W
at 0.91% tensile strain, corresponding to an enhancement of 191%
(yellow solid line in Figure 3f). In addition to this strain-enhanced
photoresponse in the visible region, a similar effect is observed in
the SWIR range at wavelengths such as 940 nm (Figure S3) and
1310 nm. Under 1310 nm illumination with an optical power of
42.76 pW, the responsivity increases from 0.30 to 1.08 uA/W at
1.09% tensile strain, corresponding to an enhancement of 260%
(blue solid line in Figure 3f). These results clearly demonstrate
that the photoresponse of the device can be effectively modulated
by applied tensile strain. The opposite modulation behavior under
compressive strain was also experimentally verified (Figure S8),
further confirming the strain-dependent tunability of the device.

To further elucidate the modulation mechanism of the piezopho-
totronic effect on device performance, schematic energy band
diagrams of the MoTe,/In,Se; heterojunction under varying
tensile strain conditions are presented in Figure 4. The direct
contact between MoTe, (bandgap: ~1.04 eV) [42, 55] and In,Se;
(bandgap: ~1.6 €V) [47, 56], combined with their work function
characteristics, leads to the formation of a type-1I band alignment
in the van der Waals heterostructure [57, 58]. This band alignment
is further confirmed by the diode-like behavior observed in the
current-voltage characteristics measured under dark conditions
(Figure S2).

Under equilibrium conditions with no illumination or strain,
the p—n heterojunction between p-type MoTe, and n-type In,Se,
exhibits a characteristic band alignment, as shown in Figure 4a.
The established built-in electric field at the interface balances
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the drift and diffusion currents, resulting in equilibrium. In
the diagrams, the black solid lines denote the conduction band
(E¢) and valence band (Ey) of MoTe, and In,Se;, respectively.
The black dashed line represents the Fermi level across the
heterojunction. The subscripts “1” and “2” are used to label the
bands corresponding to MoTe, and In,Se;, respectively.

When tensile strain is applied to the van der Waals heterostruc-
ture, the band structures of both materials are modified. As
depicted in Figure 4b, light blue and orange dashed lines repre-
sent the energy levels of strained MoTe, and In,Se;, respectively.
First, tensile strain generates negative piezoelectric polarization
charges at the heterojunction interface in the In,Se; layer. This
originates from the non-centrosymmetric crystal structure of
In,Se;, wherein mechanical deformation causes lattice distortion
and a consequent reorientation of the polarization vector [37].
The resulting piezo-potential fundamentally alters the electro-
static landscape of the junction. According to the theory of
piezotronics [59-61], negative polarization charges at the n-
type semiconductor interface reduce the depletion width on
the p-type side (MoTe,), while simultaneously expanding and
shifting the depletion region toward the n-type side (In,Se,).
This redistribution of charge induces pronounced upward band
bending in the In,Se; side near the interface. Consequently,
the realigned energy band profile, characterized by a steeper
band slope, effectively reduces the energy barrier for carrier
transport and enhances the built-in electric field, thereby facili-
tating the separation and extraction of photogenerated carriers.
Second, as predicted by first-principles density functional theory
calculations [42], tensile strain modifies the band structure of
MoTe,: the valence band maximum at the T point shifts to
higher energy, while the conduction band minima at the K
and H points shift to lower energy and become degenerate.
This results in a net reduction of the bandgap, as depicted by
the light blue dashed lines in Figure 4b. The reduced bandgap
lowers the energy required for carrier excitation, which pro-
motes thermal generation and consequently leads to an increase
in dark current. This mechanism explains the experimental
trend shown in Figure 3c, where the dark current rises with
increasing strain as the bandgap narrows. Additional KPFM
measurements on mechanically deformed regions were per-
formed to further support the proposed modulation mechanism
(Figure S7).

Under optical illumination with a penetration depth exceeding
the junction thickness (Figure 4c), photogenerated electron-hole
pairs are separated by the built-in electric field. The resulting
free carriers then drift across the depletion region, with electrons
moving toward In,Se; and holes toward MoTe,. This process
generates an external photocurrent. When tensile strain is applied
to the heterostructure under illumination (Figure 4d), the com-
bined effects of the piezo-potential in In,Se; and the bandgap
reduction of MoTe, suppress electron-hole pair recombination
while enhancing carrier separation efficiency near the het-
erointerface. This synergistic mechanism leads to a significant
enhancement in both photocurrent and responsivity across the
visible-to-SWIR wavelength range, yielding maximum responsiv-
ity improvements of 191% at 638 nm and 260% at 1310 nm, as
shown in Figure 3f.

3 | Conclusion

In summary, we have fabricated a flexible photodetector based
on a MoTe,/In,Se; heterojunction to investigate the synergistic
influence of piezophototronic effect and strain-induced bandgap
modulation on strain-modulated photodetection. Under illu-
mination from the visible to the SWIR range, strain-induced
steepening of the band slope in In,Se; and concurrent bandgap
reduction in MoTe, collectively lower the carrier transport barrier
and enhance the built-in electric field. This promotes efficient
separation and collection of photogenerated carriers, directing
holes toward MoTe, and electrons toward In,Se;, thereby increas-
ing the photocurrent. In the unstrained state under 638 nm illu-
mination and 12 nW incident power, the photodetector achieves
a responsivity of 347.7 mA/W, a specific detectivity of 3.20 x 10°
Jones, and a dark current of 9.4 pA. Under tensile strain, the
cooperative action of the In,Se; piezophototronic effect and the
strain-tunable bandgap of MoTe, modulates the heterojunction
band structure, leading to an enhanced photoresponse across
the visible-to-SWIR spectrum. Experimental results demonstrate
that under tensile strain, the responsivity increases by 191%
at 638 nm and 260% at 1310 nm. These findings confirm the
effective strain-mediated modulation of the photoresponse in
flexible MoTe,/In,Se; photodetectors and establish an important
foundation for the development of flexible optoelectronic devices.

4 | Experimental Section
4.1 | Device Fabrication

The fabrication began with a 100 pm-thick polyimide film serving
as the substrate for the entire device. This was followed by
spin-coating a ~5 pm SU-8 layer for surface planarization. Next,
the metal contact regions were defined by UV lithography. A
Ti/Au bilayer (5/25 nm) was subsequently deposited via electron-
beam evaporation (ULVAC Ei-5Z) and patterned into electrodes
using a standard lift-off process. Multilayer flakes of MoTe, and
In,Se; were mechanically exfoliated from bulk crystals (Taizhou
SUNANO New Energy Co., Ltd.) with Scotch tape. These flakes
were then aligned and transferred onto the substrate using a
polydimethylsiloxane (PDMS) stamp and a custom-built transfer
stage to form the heterojunction. Finally, an hBN capping layer
was applied to improve device stability, and the device was
encapsulated with a ~3 pm-thick SU-8 layer. The encapsulated
device film was mounted onto a custom-built translation stage.
This stage consists of two platforms whose separation can be
independently adjusted via micrometer knobs. By fixing one
platform and rotating the knob on the other to reduce the inter-
platform distance, the film was bent upward, thereby applying a
substantial strain to the MoTe,/In,Se; heterojunction.

4.2 | Device Characterizations

Atomic force microscopy (Oxford Instruments, Jupiter XR) was
employed to investigate the morphology and surface poten-
tial of the MoTe,/In,Se; heterojunction. Raman spectroscopy
(WITec, Alpha300R) was used to assess the material quality of
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the exfoliated MoTe, and In,Se, flakes. For electrical character-
ization, the device was first packaged by vertically bonding its
electrodes to the pins of a flexible printed circuit board using
conductive adhesive. This approach effectively minimized the
influence of the strain-applying apparatus on electrical measure-
ments. The static optoelectronic response was then measured
using a semiconductor parameter analyzer (PDA, FS-Pro) under
illumination from fiber lasers (wavelength range: 405-1620 nm).
To measure the response speed, the signal generator (Siglent,
SDG6032X-E) modulated the laser to produce a square-wave
signal. The transient electrical responses of the device were
recorded using the high-speed sampling module of the semi-
conductor parameter analyzer (PDA, FS-Pro) and a sampling
oscilloscope (Anritsu, MP1900A). A detailed description and
schematic illustration of the optical and electrical measurement
system are provided in Section S11. The optical power calibration
procedure and optical alignment process during measurements
are described in Section S12.
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