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Gate-Tunable Dual-Mode Optoelectronic Device for
Self-Powered Photodetector and Optoelectronic Synapse

Yi Ouyang, Chaoyi Zhang, Jun Wang, Zheng Guo,* Zegao Wang,* and Mingdong Dong*

In the advancing field of optoelectronics, multifunctional devices that
integrate both detection and processing capabilities are increasingly desirable.
Here, a gate-tunable dual-mode optoelectronic device based on a
MoTe,/MoS, van der Waals heterostructure, designed to operate as both a
self-powered photodetector and an optoelectronic synapse, is reported. The
device leverages the photovoltaic effect in the MoTe,/MoS, PN junction for
self-powered photodetection and utilizes trapping states at the SiO,/MoS,
interface to emulate synaptic behavior. Gate voltage modulation enables
precise control of the device’s band structure, facilitating seamless switching
between these two operational modes. The photodetector mode
demonstrates broadband detection and fast response speed, while the
optoelectronic synapse mode exhibits robust long-term memory
characteristics, mimicking biological synaptic behavior. This dual functionality
opens new possibilities for integrating neuromorphic computing into
traditional optoelectronic systems, offering a potential pathway for developing

1. Introduction

Photodetectors are essential components in
modern optoelectronic systems, with appli-
cations ranging from imaging and commu-
nication to environmental monitoring.'-!
Modern advances in this technology have
led to the development of self-powered
devices, eliminating the need for exter-
nal power sources.*’] These devices of-
fer broadband detection capabilities and
fast response speed, which are especially
valuable in portable, low-energy applica-
tions such as high-speed optical commu-
nication and imaging systems.[*8! Despite
these advancements, conventional photode-
tectors still have limitations, particularly in
multifunctional applications where the in-
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tegration of additional functionalities like
memory and neuromorphic computing are
desired.> 1]

This gap has led to the development
of optoelectronic synapses, inspired by
biological synapses, which can both sense and process infor-
mation. Unlike traditional photodetectors, which primarily fo-
cus on the detection and conversion of light signals, optoelec-
tronic synapses can process and store information simultane-
ously, making them highly advantageous for applications in ar-
tificial intelligence, neuromorphic computing, and intelligent
sensing.[128] Integrating these two functionalities into a single
device offers substantial benefits, including reduced device foot-
print, lower power consumption, and enhanced functionality.

However, merging photodetector and optoelectronic synapse
mode into a single device presents challenges, particularly
in achieving tunable and reversible switching between these
modes. Several strategies have been explored to achieve dual-
mode functionality in optoelectronic devices, including tun-
ing the source—drain voltage (V),'> ") gate voltage (V,),[#7%]
and device configuration.”! Previous designs, however, have
faced significant limitations. For instance, the photodetector
mode may suffer from narrow detection bands, slow detection
speeds, and limitations in self-powered operation. In addition,
the optoelectronic synapse modes can struggle with low sensi-
tivity and inadequate signal-to-noise ratios. To successfully in-
tegrate these technologies, innovative solutions are needed to
overcome these challenges and optimize both functionality and
performance.

In this work, we propose a novel dual-mode optoelectronic
device based on a MoTe,/MoS, Van der Waals heterostructure
(vdWH). The dual-mode functionality is achieved by tuning the
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Figure 1. Characterizations of MoTe,/MoS, vdWH. a) A schematic representation of the MoTe,/MoS, vdWH, highlighting its dual application as a
self-powered photodetector and an optoelectronic synapse. b) Optical microscopy image of the fabricated MoTe,/MoS, vdWH. c) Raman spectra of
MoTe,, MoS,, and MoTe,/MoS, vdWH. d) Transfer curves of MoTe,, MoS,, and MoTe,/MoS, vdWH.

V,, allowing it to switch between photodetector and optoelec-
tronic synapse modes (Figure 1a). The p-type MoTe, and n-type
MoS, form a PN junction, enabling the device to function as a
self-powered photodetector through the photovoltaic effect. On
the other hand, when the V, depletes the MoS, layer, the device
operates as an optoelectronic synapse, with the mechanism at-
tributed to the trapping states at the SiO,/MoS, interface. This
dual-mode operation not only enhances the versatility of the de-
vice but also opens new avenues for integrating neuromorphic
computing with conventional optoelectronics.

2. Results and Discussion

Figure 1b presents an optical image of the MoTe,/MoS, vdWH
fabricated using a polycarbonate dry-transfer method.!?! To fa-
cilitate efficient hole injection, a multi-layer graphene was trans-
ferred onto the MoTe, flake, serving as the contact material.[2’->°]
The metal electrodes were then patterned using electron-beam (e-
beam) lithography, followed by e-beam evaporation of Ti (3 nm)
and Au (35 nm) to form metal contacts. Figure 1d displays the Ra-
man spectra of the 2H-phase MoS,, MoTe,, and the as-fabricated
heterostructure. In the MoS, spectrum (red line), peaks at 384
and 409 cm™! correspond to the in-plane vibration mode (E;g)
and out-of-plane vibration mode, respectively. The peaks located
at 173, 234, 290 cm™! represent the out-of-plane mode (4, ,),
in-plane mode (E;g), and in-active phonon mode (B;g) of MoTe,
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(blue line), respectively. These peaks are also observed in the het-
erostructure region (green line), confirming the formation of a
high-quality vdWH.?%*!) The Raman analysis verifies that the
graphene used for contact is of a multilayer nature (Figure S1,
Supporting Information). The transfer curves of MoS,, MoTe,
and MoS,/MoTe, vdWH are shown in Figure 1d, with the Vj
set to 1 V. As expected, MoS, and MoTe, exhibit distinct n-
type and p-typel®?! behaviors, respectively. The transfer curve
of MoTe,/MoS, vdWH shows an overall anti-ambipolar shape,
which can be qualitatively understood by considering the series
resistance of MoS, and MoTe,.****] When the V, is below —25 V
or above 5V, either MoS, or MoTe, approaches the off-state, re-
sulting in a low drain—source current (Iy). The use of multilayer
graphene as the contact material for MoTe, significantly reduces
the Schottky barrier height, facilitating more effective hole injec-
tion. This effect becomes apparent when comparing the trans-
fer characteristics of devices with and without graphene contacts
(Figure S2, Supporting Information). The high Schottky barrier
in the absence of graphene results in lower peak currents and a
less pronounced anti-ambipolar behavior.

Figure 2a presents the atomic force microscope (AFM) image
of MoTe, /MoS, vdWH. The thickness of MoS, and MoTe, are es-
timated to be 4.2 nm (about 6 layers) and 4.3 nm (about 6 layers),
respectively, based on the red and blue scan line profiles shown
in Figure 2b. Kelvin probe force microscopy (KPFM) was con-
ducted on the same area to measure the work function of MoS,
and MoTe, (Figure 2c¢), clearly illustrating the surface potential
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Figure 2. AFM, KPFM, and energy band alignment of the MoTe, /MoS, vdWH. a) AFM image of the as-fabricated MoTe,/MoS, vdWH. b) The height
profiles of MoS, and MoTe,, respectively. c) The KPFM image of the MoTe, /MoS, vdWH in the same area. d) The CPD between MoS, and MoTe,. e,f)
Energy band diagrams of the MoTe,/MoS, vdWH, both before (e) and after contact (f).

distribution in the heterostructure region. Through locally ex-
tracting line profile, the contact potential difference (CPD) be-
tween MoS, and MoTe, is illustrated on Figure 2d. The surface
potential difference between MoS, and MoTe, is estimated to 50
meV. The work function of materials is highly related to their sub-
strate materials, leading to a 20 meV surface potential difference
between MoTe, on SiO, substrates and on MoS, flakes.**-38] For
a quantitative analysis, the work function of the 2D materials can
be expressed as:
q)ZD = (I)prohe - eVCPD (1)
where ®@,;,, ®,,,, and V., are the work function of 2D mate-
rial, probe (estimated at 4.9 eV[*]) and voltage bias applied to
the probe to compensate the CPD, respectively. Using this rela-
tion, the work functions of MoS, and MoTe, are calculated to be
4.49 and 4.54 eV, respectively. These values also correspond well
with the previous report that use multi-layer MoS, and MoTe,
for heterostructure.[*! Based on the KPFM data, energy band
diagrams of the MoTe, and MoS, before and after contact are
constructed, as depicted in Figure 2e. The bandgaps of MoTe,
and MoS, are taken as 0.93 and 1.2 eV, respectively, forming
a type 1I (staggered) heterostructure.[***!l Upon contact, ther-
mal equilibration leads to band bending at the interface, cre-
ating a built-in potential barrier within a thin van der Waals
junction gap region (Figure 2f). Depending on the applied V,,
the MoTe,/MoS, vdWH divides into two photoresponse mode,
that is, self-powered photodetector and artificial optoelectronic
synapse, as discussed below.

The capability of the device as a self-powered photodetector
stems from its photovoltaic effect, as depicted in Figure 3a. When
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illuminated, the photoexcited holes and electrons move to the p-
side and n-side, respectively, generating the open-circuit voltages
(V,.) and short-circuit currents (I, ).[*>* Figure 3b summarizes
the V,. and I of the device at various V,. The scanning pho-
tocurrent mapping under different V, (-30, —20, and 0 V) con-
firms that the changes in V. and I are predominantly caused
by doping modulation of the MoTe, and MoS, layers in the het-
erojunction region, as shown in Figure S3 (Supporting Informa-
tion). The V, alters the built-in electric field in the heterojunc-
tion, which drives the photovoltaic effect. In contrast, no obvious
photocurrent was observed at the metal-semiconductor contact
regions. The optimal photovoltaic performance of the device un-
der 532 nm illumination is observed at V, ~ —20 V, which can
be attributed to the modulation of energy band alignment at the
MoTe,/MoS, vdWH. At this V,, the built-in electric field at the
junction is maximized, enabling efficient separation and trans-
port of photogenerated carriers. Deviations from this optimal
gate voltage lead to either excessive carrier accumulation or deple-
tion, reducing the photovoltaic efficiency. The optimal I  and V,_
are observed at V, = =20V, so V, is fixed at =20 V for further pho-
tovoltaic performance evaluations. Figure 3c presents the I;.—V,,
curves on logarithmic scales of the device under dark and 532 nm
illumination with varying power density (P). The photocurrent
(L) increases monotonically with P. The corresponding time-
dependent photoresponse is detailed in Figure S4 (Supporting in-
formation). Owing to the photovoltaic effect, the device achieves
an illumination on/off ratio approaching 10°, with a peak I, of
20 nA. The relationship between the P and I, is described by the
equation:

L,=AP"(0<a<1)

(2)
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Figure 3. Self-powered photodetector performance of the MoTe,/MoS, vdWH. a) Band alignment of the MoTe,/MoS, vdWH working as a photovoltaic
device under illumination. b) V,, and I, of the device at varying V;, with P = 60 mW cm™2 and 4 = 532 nm. c) Logarithmic |I4|-Vy, curves of the device
under dark conditions and at vanous P A=532nm.d) V, and ISC as a function of P under 532 nm light. e) Time-dependent photoresponse behavior

of the device under different wavelengths light at P = 60 mW cm™

where A and a are constant and a fitting index, respectively. The
value of a is calculated to be 0.84, as shown in Figure 3d, and
a linear relationship between V. and P confirms the excellent
photovoltaic effect of the device.*”) Figure 3e shows the |I |-
Vs characteristics under various wavelengths at P = 60 mW
cm™2, from ultraviolet to infrared, highlighting the device’s sta-
ble and broad photodetection range. The broadband photodetec-
tion performance of the device is attributed to its inherent opti-
cal absorption characteristics, which encompass a wide spectral
range extending from the visible to the near-infrared region.!**!
This characteristic has been corroborated by prior studies, as de-
tailed in Table S1 (Supporting Information). The response time
of the photodetector is critical for performance assessment. The
normalized time-resolved photoresponse of the device is shown
in Figure S5 (Supporting Information). The rise time (r,) and
fall time (r) are defined as the time interval of the photocur-
rent rise from 10% to 90% and decay from 90% to 10%, re-
spectively. The representative 7, and z; of MoTe,/MoS, vdWH
are 188 ps and 45 ps, respectively, reflecting a rapid photore-
sponse due to effective carrier generation and separation.[*] The
photodetection performance is quantitatively evaluated through
responsivity (R) and specific detectivity (D*), calculated as
follows:

R = (L, = L) / (P S) G)

D" =R-5"/(2e Iyy)"” )
where I, S, and e represent dark current, effective area, and
the charge of an electron, respectively.*’] The effective area of
the device is defined as the overlapped region of the MoTe, /MoS,
vdWH that responds to photons and generates the photovoltaic
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2, V4 = 0 V. f) Wavelength-dependent D* and R of the device.

effect. Figure 3f presents the calculated R and D* at different
wavelengths under 60 mW ¢cm~2, with maximum values of 0.3 A
W1 for Rand 2.56 x 10'? Jones for D* observed at 532 nm illumi-
nation. Table S1 (Supporting Information) compares the perfor-
mance of our MoTe,/MoS, vdWH based self-powered photode-
tector with recent reports, including metrics like thickness, V.,
photoresponse range, R, and response speed. Our device demon-
strates broadband detection, fast response, and high responsivity,
highlighting its competitive performance and the effectiveness of
our heterostructure design.

The MoTe,/MoS, vdWH exhibits exceptional broadband pho-
todetection and fast response speed, showcasing its potential for
diverse optoelectronic applications. Figure 4a depicts a schematic
of a single-device optical communication and imaging system. A
signal generator drives and controls the input signal from a laser
source for various applications. A glass shadow mask, marked
with the letters “A” and “U” is mounted on a two-axis planar mov-
ing stage to function as a shutter to direct light onto the detec-
tor. Then the photocurrent from the device is recorded and trans-
formed into ASCII code and images. Figure 4b demonstrates the
generation of binary data stream containing the data information
“NIR”. These optical signals are coded through the signal gener-
ator, received by the device and converted into the correspond-
ing letter. The device’s rapid photoresponse and high on/off ra-
tio ensure the precision and reliability of optical communication.
Images of the letters “A” and “U” were constructed using wave-
lengths of 532 and 780 nm, as displayed in Figure 4c,d, respec-
tively. Both images exhibit well-defined edges and high contrast,
indicating the system’s precision and resolution. The clear de-
marcation of the letter boundaries and strong contrast of the im-
ages highlight the system’s precision and high-resolution capa-
bilities.
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Figure 4. Applications of MoTe,/MoS, vdWH in single-device optical communication and imaging system. a) Schematic diagram of setups for the
functional applications. b) The input and output signals transmitted using the ASCII code “NIR” through the optical communication system. d,e) The
output images obtained from a mask with letters “A” and “U”, captured by a single-pixel imager under 532 and 780 nm illumination, respectively. All
measurements were conducted at V, = =20 V, ensuring optimal device performance.

The Fermi level of the vdWH is finely tuned by applying differ-
ent V,, which enables the transition between photodetector and
optoelectronic synapse modes. The V, modulates the charge car-
rier dynamics in both MoS, and MoTe, layers, with the domi-
nant effect observed in MoS,. At negative V,, MoS, undergoes
significant depletion, facilitating carrier interaction with defect
states at the MoS, /SiO, interface. MoTe, contributes to the het-
erojunction by providing a staggered band alignment, stabiliz-
ing the built-in electric field, and enabling efficient hole injec-
tion, which collectively enhance the optoelectronic synapse per-
formance. The performance of MoTe,/MoS, vdWH as an opto-
electronic synapse was systematically evaluated. As schematically
illustrated in Figure 5a, the device is illuminated by light pulses
to simulate the external stimuli. The device acts as an artificial
synapse, converting light stimulation into excitatory postsynap-
tic current (EPSC) to replicate the signal transmission between
pre-synaptic and post-synaptic neurons in biological synapses.
When Mos, is fully depleted (V, = —40 V), light illumination
generated electron-hole pairs increase the carrier concentration
in MoS, significantly, thereby enhancing the overall conductiv-
ity of the device under bias. Continuous illumination leads to
the accumulation of photogenerated electrons in the trapping
states between MoS, and the SiO, interface, resulting in a con-
sistent increase in Iy. After illumination, the electrons stored
in the potential well gradually return to the valence band over
time, causing Iy to revert to the original level (Figure 5b).[1>2247]
Figure 5c shows the optoelectronic synapse function of the de-
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vice under 532 nm light with various P ranging from 80 to 400
uW cm~2. As the P increases, the EPSC rises significantly, in-
dicating the transition from short-term memory (STM) to long-
term memory (LTM).[*-5% The decay rate of the EPSC, assessed
by normalizing the I;, decay curves (Figure S6, Supporting In-
formation), shows a clear inverse correlation with P. The im-
pact of varying wavelengths on the optoelectronic synapse per-
formance was evaluated by testing the device under illumina-
tion at 405, 532, and 780 nm (Figure S7, Supporting Infor-
mation). The results show similar synaptic behavior across all
tested wavelengths, indicating that the synaptic performance
is primarily governed by the trapping and de-trapping dynam-
ics at the MoS,/SiO, interface and is not significantly influ-
enced by the photon energy within this range. The role of de-
fect states at the MoS, /SiO, interface in inducing optoelectronic
synapse properties was confirmed through comparative exper-
iments (Figure S8, Supporting Information). When the vdWH
was isolated from the SiO, substrate using an hBN layer and op-
erated with a graphene/hBN top-gate structure, the device exhib-
ited only photovoltaic performance, with no evidence of synaptic
behavior.

Paired pulse facilitation (PPF) is a fundamental aspect of short-
term plasticity (STP), playing a crucial role in visual information
processing in biological systems. Figure 5d depicts the PPF index
as a function of light pulse interval, defined by the equation:

PPF = A, /A, X 100% 5)

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 5. The performance of the MoTe,/MoS, vdWH as an optoelectronic synapse. a) Schematic diagram of a biological synapse and experimental
setup. b) Band alignment of MoTe, /MoS, vdWH working as an optoelectronic synapse under illumination. c) The transition from STM to LTM behavior
by varying light pulse intensity. d) PPF index as a function of time interval. The inset shows the light-induced EPSC and the definition of A; and A, with a
time interval of 1s. €) The retention time of EPSC. Inset: the comparison between the initial current and EPSC after 1 h. f) The EPSC induced by a series
light pulse with different light pulse on/off ratio, P = 160 uW cm~2. g) The EPSC response under seven light pulse sequences. h) “Learning-experience”
behavior under pulse stimulation. All the characterizations were conducted at V, = —40 Vand Vys = T1V.

where A, represents the EPSC generated by the second pulse and
A, by the first. As a pair of light pulses illuminated to the de-
vice, the EPSC generated by A, is noticeable higher than A,
as shown in the inset of Figure 5d. This current accumulation
phenomenon is attributed to the increased photo-induced car-
rier concentration embedded into the trapping states in MoS,.
These electrons relax to the initial state over time, causing a re-
duction in EPSC accumulation and a corresponding decrease in
PPF with longer intervals between pulses. Furthermore, the PPF
decay trend is well described by a double exponential decay func-
tion (blue line in Figure 5d), suggesting the device’s resemblance
to biological synapses.

Long-term plasticity (LTP), crucial for memory formation, in-
volves transitioning from STM to LTM through repeated practice.
Increasing pulse width significantly enhances EPSC, as shown
in Figure S9 (Supporting Information), with longer pulse widths
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requiring more time for EPSC to return to its initial state, in-
dicating the shift from STP to LTP. For pulse widths of 30 s,
LTP retention exceeds 1 h, as depicted in Figure 5e. The ratio
of EPSC after 1 h to the initial current exceeds 3 (inset image
in Figure 5e), indicating the robustness and stability of the in-
duced LTP. This observation is consistent with the temporal scale
of synaptic potentiation observed in biological systems. Figure 5f
presents EPSC recorded at varying pulse frequencies while main-
taining a constant pulse width of 1s. The interval between consec-
utive pulses was systematically varied, ranging from 1s to 10s. As
the number of pulses increases, there is a notable and propor-
tional rise in the EPSC values, demonstrating the device’s capa-
bility to emulate biological synaptic behavior, specifically spike-
rate-dependent plasticity (SRDP). SRDP is a neural mechanism
where synaptic strength is modulated by the rate of presynap-
tic neuron firing. The experimental data effectively replicates

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 6. Application of MoTe,/MoS, vdWH in image recognition. a) Schematic diagram of MLP simulator for image recognition of MNIST database.
b) MNIST image classification accuracy based on ideal device and MoTe,/MoS, vdWH (real), respectively. c) Examples of MNIST images presented
with varying levels of noise. d) Classification accuracy as a function of noise level. e) The confusion matrix between desired value and predicted value

after 1st, 5t and 125th training epoch.

this mechanism, with EPSC amplitude increasing with pulse fre-
quency, simulating how biological synapses strengthen with re-
peated stimulation. Similar EPSC responses were observed with
varying light intensities at a fixed pulse frequency, as shown
in Figure S10 (Supporting Information). The gate-tunable dual-
mode functionality of the MoTe,/MoS, vdWH is confirmed by
measurements on additional devices. These devices exhibit a pro-
nounced photovoltaic effect and characteristic EPSC responses
under light stimulation, as shown in Figure S11 (Supporting
Information).

Figure 5g illustrates the EPSC response to a sequence of light
pulses designed to simulate the human “learning-experience” be-
havior. This process typically involves three phases: learning, for-
getting, and re-learning. During the “learning” phase, the device
is stimulated by 50 consecutive light pulses, leading to a grad-
ual increase in EPSC. Following the cessation of light pulses,
EPSC gradually declines, representing the “forgetting” phase. In
the “re-learning” phase, the device is subjected to a shorter se-
ries of 20 light pulses (Figure 5h). Notably, the EPSC recovers
more rapidly, restoring and even surpassing the previous learn-
ing level. This accelerated recovery highlights the device’s ability
to relearn more efficiently, similar to the human brain’s improved
capacity to retain information after initial learning, thanks to the
residual changes from the first learning phase.
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To evaluate the learning performance of the device in optoelec-
tronic neural network, a multi-layer perceptron (MLP) simula-
tor was constructed to verify its accuracy in classifying Modified
National Institute of Standards and Technology (MNIST) hand-
written digit images (Figure 6a).>"%2] The MNIST dataset com-
prises images of digits from 0 to 9. For this analysis, these im-
ages were resized from their original 28 x 28 pixels to 20 x 20
pixels by cropping the edges. The neural network is structured
with 400 input neurons, corresponding to the number of pixels,
100 hidden neurons, and 10 output neurons, each representing
a digit class. During training, the simulator processes 8000 ran-
domly selected images from the 60000-image training set. The
network’s weights were adjusted using feedback from the adap-
tive moment estimation (Adam) optimizer. In the test process,
the network’s performance was assessed by classifying 10000 im-
ages from the test set. The device demonstrated a peak classifica-
tion accuracy of 92.3%, as shown in Figure 6b. This result is no-
tably close to the ideal device’s maximum classification accuracy,
which stands at 94.8%. The device’s recognition accuracy was also
tested under varying levels of read noise. Figure 6c shows a series
of sample images with varying noise levels, ranging from origi-
nal to 30%. The accuracy under different read noise conditions is
shown in Figure 6d and Figure S12 (Supporting Information). It
is observed that the device maintains high accuracy at low noise
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levels, but the accuracy sharply decreases with increased noise
levels. Figure 6e displays the confusion matrices that illustrate
the recognition accuracy during the 1st, 5th, and 125th epochs of
the learning process.>3*¥ As the training progresses, the accu-
racy improves significantly. The accuracy improves significantly
as training progresses, with the model’s inferred output closely
aligning with the desired outputs by the 125th epoch. This align-
ment suggests that the model effectively learns to classify the
data, reducing errors and improving overall performance as the
training continues.

3. Conclusion

In this work, we introduced an innovative gate-tunable dual-
mode optoelectronic device based on a MoTe, /MoS, heterostruc-
ture that functions as both a self-powered photodetector and an
optoelectronic synapse. By modulating the V,,, we achieved tun-
able and reversible switching between these two modes. The
self-powered photodetector mode, enabled by the photovoltaic ef-
fect in the MoTe,/MoS, PN junction, exhibited excellent broad-
band photodetection and fast response speed, making it highly
suitable for applications in optical communication and imaging.
Conversely, the optoelectronic synapse mode, facilitated by the
trapping states at the SiO,/MoS, interface, effectively emulated
synaptic behaviors such as short-term plasticity, long-term plas-
ticity, and spike-rate-dependent plasticity. The device’s ability to
simulate biological learning and forgetting processes was further
validated through an optoelectronic neural network, achieving
a high classification accuracy in handwritten digit recognition
tasks. These results highlight the significant potential of our de-
vice for advancing neuromorphic computing systems and mul-
tifunctional optoelectronic applications. The integration of self-
powered photodetection with neuromorphic computing in a sin-
gle device marks a significant advancement in optoelectronics,
paving the way for the development of intelligent and energy-
efficient sensing systems.

4. Experimental Section

Device Fabrication: The MoS, flakes, MoTe, flakes, and graphene
flakes were exfoliated using Scotch tape and transferred onto 285 nm
SiO, /Si substrates. The MoTe,/MoS, heterostructures with multi-layer
graphene as contact electrode for MoTe, were stacked and transferred
onto SiO,/Si substrates by polycarbonate dry-transfer method. The con-
tact metal electrodes with 3 nm Ti/35 nm Au were patterned by e-beam
lithography and deposited by e-beam deposition.

Characterizations and Measurements of Photodetectors: The Raman
spectroscopy was measured on Renishaw platform with a laser of 514 nm.
The AFM and KPFM images were characterized by the scanning probe mi-
croscope (Asylum Research Cypher). The tip was kept 50 nm above the
sample during the KPFM characterization. The optoelectronic characteris-
tics of the device were tested by Keithley 4200s semiconductor analyzer
and commercial semiconductor laser sources. The scanning photocur-
rent mapping was conducted using a Raman-atomic force microscope
(Alpha300RA) under 532 nm illumination.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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