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A Van der Waals Optoelectronic Synapse with Tunable
Positive and Negative Post-Synaptic Current for Highly

Accurate Spiking Neural Networks

Hyejin Yoon, Soeun Park, Yeong Kwon Kim, Juhwan Baek, Ki Han Kim, Seongil Yun,
Hyeonchang Son, Jeongeun Choi, Byung Chul Jang,* and Dong-Ho Kang*

Spiking neural networks (SNNs) represent a promising computing architecture
for neuromorphic hardware, as they process and store information through
spike signals, closely mimicking the way the human brain operates. However,
most synaptic devices recently proposed for hardware SNN implementations
are limited to exhibiting analogue tuning within a single conductance
polarity, making them inadequate for realizing scalable and energy-efficient
neuromorphic systems. In this study, an optoelectronic synaptic

device based on a ReS, /WSe,/h-BN heterostructure, enabling conductance
modulation across both positive and negative states within a single device

is demonstrated. This bidirectional plasticity originates from electrostatic
modulation of the WSe, Fermi level, induced by voltage pulses applied
through an O, plasma-treated h-BN weight-control layer. The device exhibits
reversible photocurrent polarity, reliable potentiation/depression of the
postsynaptic current, and stable synaptic weight retention with reproducible
multi-cycle operation. System-level simulations using a 1024-20-3

SNN architecture confirmed the functional advantage of a bidirectional
synapse, with networks achieving over 95% facial recognition accuracy
within 20 training epochs, whereas the unidirectional synapse-based network
plateaued below 75%. These findings highlight the potential of optoelectronic
synaptic device with bidirectional plasticity as a promising device platform for
efficient on-chip learning in next-generation neuromorphic hardware system.

increasing amounts of data due to von
Neumann bottleneck caused by the separa-
tion of memory and computation regions.!!]
To overcome this fundamental through-
put limitation, researchers have been ex-
ploring next-generation computing archi-
tectures that have the ability to conduct data
processing and memorization in a parallel
manner.[>] Recently, neuromorphic com-
puting based on artificial neural networks
(ANNs) has emerged as a promising solu-
tion to these problems. This computing ar-
chitecture mimics the parallel and event-
driven processing of the human brain.[57]
Among the various neural network mod-
els proposed thus far, the third-generation
artificial neural network model, known as
spiking neural network (SNN), is regarded
as the most viable option for implemen-
tation in neuromorphic hardware.®°! This
is due to the fact that the synaptic de-
vices comprising SNNs are equipped with
spike timing-dependent plasticity (STDP),
a property that enables information storage
and processing by leveraging spike events
that occur at distinct temporal points be-
tween pre- and post-synaptic neurons, thus

1. Introduction

As the use of Artificial Intelligence (Al)-based hardware devices
has increased exponentially, the von Neumann computing ar-
chitecture has reached its limits in transmitting exponentially

enabling on-chip training and inference.[1*11]

Recent research in the field of neuromorphic hardware
has focused on the implementation of artificial synapse de-
vices using novel memory technologies, including resistive
switching memristors,['>*l phase-change memory (PCM),[!5-17]
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ferroelectric field-effect transistors (FeFETs),['®2% and electro-
chemical RAM (ECRAM).[?!??] These synaptic devices have suc-
cessfully implemented essential functions such as long-term po-
tentiation (LTP) and long-term depression (LTD). However, the
target recognition and classification accuracy of neural networks
based on these devices generally fail to reach the ideal accu-
racy achieved using software-based synaptic devices (see Table
S1, Supporting Information,*#23-271), This limitation arises from
the inherent inability of generating both positive and negative
postsynaptic currents (PSCs) within a single synaptic device. Re-
cent proposed synapse devices typically modulate current levels
unidirectionally,[?8] thereby enabling synaptic weight updates to
only one polarity (positive or negative PSC). Consequently, the
dynamic range of the synaptic device (defined as the difference
between maximum and minimum conductances; G, .. — G..;,))
can only be enhanced by increasing G,,,., thereby constraining
the improvement of neural network accuracy. Therefore, hard-
ware implementations typically adopt a dual-synapse architec-
ture, pairing two synaptic devices to represent positive and neg-
ative synaptic weights, respectively.[?>3°l While this approach en-
ables the representation of a full range of synaptic weights, dual-
synapse architectures require additional peripheral circuits (e.g.,
subtractor), resulting in increased power consumption and cir-
cuit complexity.!?8] Hence, the creation of a single synaptic device
that can generate both positive and negative PSCs is crucial for
achieving energy-efficient and scalable neuromorphic hardware.

In this paper, we demonstrate an optoelectronic synaptic de-
vice based on a van der Waals heterostructure that can generate
both positive and negative PSCs, denoted as “bidirectional plas-
ticity”, by reversing the flow of photogenerated carriers under
light irradiation. Our synaptic device is implemented by a rhe-
nium disulfide (ReS,)/tungsten diselenide (WSe,) heterostruc-
ture as the channel layer and an oxygen-treated hexagonal boron
nitride (h-BN) as the weight control layer (WCL). The pro-
posed device enables tunable band bending via gate modulation,
thereby enabling sign-switchable photocurrent. The bidirectional
plasticity of our synaptic device relied on two distinct mecha-
nisms: (i) immediate and reversible modulation of photocurrent
polarity enabled by energy band bending of ReS,/WSe, chan-
nels, and (ii) quasi-p-type or quasi-n-type doping phenomenon
for WSe, layer attributed to photogenerated charge trapped in the
oxygen-treated h-BN layer. As a result, in the theoretically imple-
mented SNN, this bidirectional plasticity enables a face recogni-
tion accuracy of over 95%, which is more than 20% higher than
that of unidirectional synaptic devices and comparable to that
using software-based ideal synapses.

2. Results and Discussion

2.1. SNNs Based on ReS,/WSe,/h-BN Optoelectronic Synaptic
Devices with Bidirectional Plasticity

Figure 1a depicts the schematic of two biological neurons con-
nected by synapse through axon terminal of a presynaptic neu-
ron and the dendritic membrane of a postsynaptic neuron. Upon
the propagation of an action potential to the presynaptic axon ter-
minal, the synapse is triggered, thereby facilitating the release of
neurotransmitters that subsequently interact with the postsynap-
tic neuron. In this context, the synapse can function as either an

Adv. Funct. Mater. 2025, 19498 e19498 (2 Of11)

www.afm-journal.de

excitatory or an inhibitory synapse, thereby increasing or decreas-
ing the activity of the postsynaptic neuron, respectively. Here,
synapses have “synaptic weights” that represent the strength of
the connections between two neurons, and these weights deter-
mine the timing of electrical signal firing in the postsynaptic
neuron. The modulation of these synaptic weights, also called
synaptic plasticity, plays an important role in learning and mem-
ory in neural networks. To implement SNNs in hardware level, it
is important to develop the synaptic device that mimics synaptic
weight and synaptic plasticity. Hence, to implement SNNs at the
hardware level, it is important to successfully develop synapse
devices that mimic the roles of biological synapses (i.e., synap-
tic weights and plasticity). Figure 1b presents a conceptual dia-
gram of a hardware SNN, constructed based on synaptic devices
with conductance modulation characteristics expressed as synap-
tic weights (W). In this diagram, each presynaptic spike (V;))
triggers an input signal that passes through the synaptic device,
where the magnitude of the signal is modulated by the conduc-
tance state (G; ) of the synaptic device. These modulated signals
are subsequently integrated by the postsynaptic neuron, resulting
in the expression } G, V; . When the accumulated signals exceed
a predefined threshold, the postsynaptic neuron emits an output
spike. Here, the timing difference between presynaptic and post-
synaptic spikes induces synaptic weight updates, which is known
as STDP.

In this paper, we propose a van der Waals heterostructure-
based optoelectronic synaptic device capable of generating both
positive and negative PSCs by modulating the polarity of the pho-
togenerated current according to the voltage input through WCL.
Figure 1c illustrates the schematic of our optoelectronic synapse,
which consists of a ReS,/WSe, heterojunction channel stacked
on O, plasma-treated h-BN WCL (see the optical microscope im-
age of the fabricated device in Figure S1, Supporting Informa-
tion). Here, we designed the device structure that ReS, layer par-
tially covers the WSe, channel. This partial overlap enhances the
local vertical electric field and induces pronounced energy band
bending at the ReS,/WSe, heterojunction. When light is irradi-
ated on the channel, photogenerated carriers are separated ac-
cording to the built-in electric field at ReS,/WSe, junction and
collected at the pre- and post-synaptic terminals (source and drain
terminals), resulting in the generation of photocurrent. Here,
WCL is in contact with the WSe, layer, and the Fermi level of
WSe, can be controlled by applying a gate voltage (V). Com-
pared to ReS,, WSe, has a Fermi level relatively close to the mid-
gap,i!! thereby enabling considerable modulation of the Fermi
level by electrostatic doping through V. This Fermi level mod-
ulation affects the strength and direction of the built-in electric
field at the ReS,/WSe, junction, generating a bidirectional pho-
tocurrent: i) Under the negative V, holes are accumulated in the
WSe, layer, which modulates the Fermi level toward the valence
band of WSe,. This forms a built-in electric field in the direction
from ReS, to WSe,. Consequently, photogenerated electrons flow
from the source to the drain, forming a positive drain current
(Ip). ii) Conversely, the positive V. shifts the WSe, Fermi level
toward the conduction band. This creates a built-in electric field
in the opposite direction and generates a negative drain current
(—Ip). The electrical behavior of the device is conceptually illus-
trated in Figure 1d, where the output current reverses direction
depending on the polarity of the applied gate voltage.
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Figure 1. SNNs based on ReS,/WSe,/h-BN optoelectronic synaptic devices with bidirectional plasticity. a) Illustration of biological synapse with pre-
and post-synaptic neurons. b) The SNN architecture incorporated with synaptic device. c) Schematic illustration of ReS,/WSe,/h-BN optoelectronic
synaptic device (left) and energy band diagram of ReS,/WSe, heterojunction i) under -V and ii) under +V,. Representative d) current-voltage and
e) LTP/LTD characteristics of bidirectional optoelectronic synaptic device. f) Raman spectra of ReS, (upper panel), WSe, (middle panel) and h-BN
(lower panel) measured from ReS,/WSe,/h-BN heterostructure. g) Cross-sectional TEM image of ReS,/WSe,/h-BN heterostructure. The scale bar in
TEM image is 20 nm. h) High-resolution TEM image of WSe,/WCL/h-BN heterostructure (left) and EDS elemental mapping images for tungsten,
selenium, oxygen, and nitrogen. The scale bar in TEM and EDS images is 10 nm.

For the synaptic device operation, we employed O, plasma-
treated h-BN layer as the WCL, where the trap sites in the O,
plasma-treated h-BN layer can capture photogenerated electrons
or holes. This phenomenon contributes to the long-term sustain-
ing of the electrostatic doping effect on the WSe, layer (quasi-
doping), thereby facilitating the generation of a bidirectional
PSC. Figure le shows the representative synaptic characteris-
tics of our device under light exposure. When positive weight
control voltage (V) spikes are applied to the gate terminal,
electrons in the WSe, channel become trapped at the WCL
trap sites, which induces pseudo-p-type doping in the WSe,.
This results in a gradual shift of the Fermi level of WSe, to-
ward the valence band as the Vi, spike is continuously ap-
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plied, leading to a transition from negative PSC to positive
PSC in the LTP curve. Conversely, negative Vy, spikes capture
holes from the WSe, channel into the WCL trap sites, lead-
ing to a gradual increase in the pseudo-n-type doping level with
Ve spike application. This results in a transition from posi-
tive to negative PSC in the LTD curve. The LTP/LTD charac-
teristics of our synaptic device are similar to those of conven-
tional optoelectronic synaptic devices (see Table S2, Supporting
Information®2-8]); however, the key distinction is the directional
reversal of the PSC. This enables bidirectional synaptic weight
modulation (positive and negative conductance states) within
a single device, thereby improving the learning efficiency of
SNNs.
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To investigate our optoelectronic synaptic devices in more de-
tail, we performed Raman and cross-sectional transmission elec-
tron microscopy (TEM) analyses. Figure 1f presents the Raman
spectra measured on ReS,, WSe,, and O, plasma-treated h-BN.
We successfully observed characteristics Raman peaks of each
layer: E, (%150 cm™) and A-like (%210 cm™') modes in the
ReS, layer,”) E',, (%248 cm™) and A, (%251 cm™') modes in
the WSe, region,” and E,, (%1363 cm™') modes in the h-BN
layer.*!] In case of O, plasma-treated h-BN layer, the Raman spec-
trum exhibits a noticeable red shift and reduced peak intensity,
indicating the presence of structural defects caused by partial
oxidation. Figure 1g shows the cross-sectional TEM images of
the ReS,/WSe, /O, plasma-treated h-BN heterostructure, where
the thicknesses of the ReS,, WSe,, and O, plasma-treated h-BN
are 7, 31.1, and 59 nm, respectively. We observed clean inter-
faces at the ReS,/WSe, and WSe, /O, plasma-treated h-BN due
to the dangling-bond-free nature of van der Waals materials. In
addition, as seen in Figure 1h, we further performed an energy-
dispersive X-ray spectroscopy (EDS) mapping analysis near the
WCL of the synaptic device to investigate the atomic composi-
tions of the WSe,/WCL/h-BN region. In the WCL (thickness:
3.3 nm), signals related to the oxygen element appeared clearly,
but signals related to nitrogen, tungsten, and selenium were
not present. Additional EDS spectrum profiles and X-ray pho-
ton spectroscopy (XPS) analyses (see Figures S2 and S3, Support-
ing Information) indicate that O, plasma treatment displaces ni-
trogen atoms from h-BN layer, resulting in the oxidized boron
formation.[*?]

2.2. Electrical Characteristics of ReS,/WSe, /h-BN Optoelectronic
Device

Figure 2 presents the bidirectional operation and its mecha-
nism of ReS,/WSe, /h-BN optoelectronic device. When the laser
(A =532nm » 233 eV, Py, =2 mW cm™?) is exposed onto
the ReS,/WSe, channel (shown in Figure 2a), electrons in the
valence band of the channel layer obtain photon energy
sufficient to overcome the band gap (ReS, = ~1.45 eV,[¥}] WSe,
= ~1.2 eVI*]), enabling them to be excited to the conduction
band. This process generates electron-hole pairs, which are sep-
arated by the built-in electric field at the ReS,/WSe, junction,
contributing to the generation of photocurrent. Here, the built-
in electric field at the ReS,/WSe, junction can be controlled by
modulating the WSe, Fermi level via gate-voltage-induced elec-
trostatic doping. Figure 2b shows the I,—V,; characteristics of the
ReS,/WSe, /h-BN optoelectronic device with/without laser expo-
sure. Under laser exposure, a positive drain current was mea-
sured at a gate voltage of -2 V, indicating that electrons flow
from the source to the drain terminals. Subsequently, as the gate
voltage increased to 2 V, the drain current gradually decreased,
switching to a negative direction at V; = -0.8 V, indicating elec-
trons flow from the drain to the source terminals. This current
polarity reversal phenomenon was only observed in the drain cur-
rent (see Figure 2c), while the gate current maintained a constant
noise level across the entire gate voltage range (see Figure S4,
Supporting Information for log-scale plot of I,—V,; curve). These
results suggest that the observed directional reversal is not due
to gate leakage but rather arises from electrostatic control that ef-
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fectively reverses the built-in electric field within the heterojunc-
tion. Figure 2d shows the I,—V}, characteristics by applying a gate
voltage ranging from -5 V to 5 V with a step of 2.5 V. As the gate
voltage is swept from -5 to 5 V, the output characteristics exhibit
a clear polarity reversal in the drain current (+I at Vo =-5 Vand
—I, at V; =5 V). This behavior highlights the bidirectional oper-
ational characteristics of ReS, /WSe, /h-BN optoelectronic device.

Next, to further investigate van der Waals heterostructure de-
sign for implementing bidirectional operation characteristics,
we fabricated four optoelectronic devices based on heterostruc-
tures utilizing different types of 2D semiconducting materi-
als (MoS,/ReSe,, ReS,/ReSe,, MoS,/WSe,, and WSe,/ReS,).
Figure 2e shows the schematics of four optoelectronic devices,
which share a common structure consisting of an h-BN insulator
and a Si substrate but differ in the selection and order of the chan-
nel layers. These van der Waals heterostructures consists of 2D
materials for which the bandgap is smaller than the photon en-
ergy of the 532 nm laser (E,, = ~2.33 eV), thereby facilitating the
generation of photocarriers (see Figure S5, Supporting Informa-
tion for details(*~*]). Figure 2f~i shows the output characteristics
of optoelectronic devices based on the MoS, / ReSe,, ReS, /ReSe,,
MoS,/WSe,, and WSe,/ReS, heterostructures stacked on h-BN
layer. In the cases of MoS,/ReSe, (Figure 2f) and ReS,/ReSe,
(Figure 2g), a positive drain current is observed for positive Vp
across the entire V,; range, while a negative drain current appears
for negative Vj,. This result suggests that only a conventional
photoconductive effect is present, as the heterojunctions cannot
generate sufficiently strong built-in electric fields required for
the photovoltaic effect. Conversely, the MoS, /W Se, heterostruc-
ture (Figure 2h) demonstrates a polarity reversal in the drain cur-
rent at V; = 0 and V, = 0, indicating that i) this combination
also establishes a sufficiently strong built-in electric field to en-
able the photovoltaic effect, and ii) the Fermi level of WSe, is
effectively modulated via gate-induced electrostatic doping, re-
sulting in behavior similar to that of the ReS, /W Se, combination
(Figure 2d). The slight variation in drain current magnitude is ex-
pected to attributable to the intrinsic differences in the optical ab-
sorption characteristics of MoS, and ReS,. The output character-
istics of the WSe, /ReS, heterojunction device (Figure 2i) further
emphasize the critical role of the WSe, layer in enabling Fermi
level modulation via gate voltage. This heterostructure is a rever-
sal of the stacking sequence compared to the ReS,/WSe, device
(Figure 2d), with the gate terminal close to the ReS, layer. In this
case, a substantial reversal in the polarity of the drain current is
notobserved. This phenomenon can be attributed to the strong n-
doping of ReS, induced by sulfur vacancies, which positions the
Fermi level near the conduction band of ReS,.[*] Consequently,
gate voltage-induced electrostatic doping is impeded from effec-
tively controlling the Fermi level of ReS,.

Next, to further investigate the mechanism for the gate-tunable
bidirectional photocurrent in the ReS,/WSe,/h-BN optoelec-
tronic device, we conducted the Technology Computer-Aided De-
sign (TCAD) simulations to analyze the energy band diagram of
the ReS,/WSe, heterojunction under various gate voltage con-
ditions. Figure 2j shows the energy band diagram of ReS, /WSe,
heterojunction under the application of gate voltages of -5, 0, and
5V (key parameters for TCAD simulations are in Figure S6, Sup-
porting Information). This result demonstrates that significant
energy band bending can be achieved even within a gate voltage
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Figure 2. Electrical characteristics of ReS,/WSe, /h-BN optoelectronic device. a) Schematic illustration of photocarrier generation in ReS,/WSe, /h-BN
optoelectronic device under 532 nm laser illumination. b) I5—V, characteristics of ReS,/WSe,/h-BN optoelectronic device with and without 532 nm
laser exposure. c) Drain current and gate leakage of ReS,/WSe,/h-BN optoelectronic device under 532 nm laser exposure. d) Output characteristics
of ReS,/WSe, /h-BN optoelectronic device under 532 nm laser exposure. e) Schematic diagrams optoelectronic devices based on various heterostruc-
ture configurations: (i) MoS,/ReSe,/h-BN, (ii) ReS,/ReSe,/h-BN, (iii) MoS,/WSe,/h-BN, and (iv) WSe,/ReS,/h-BN. Current-voltage characteristics of
f) MoS,/ReSe, /h-BN, g) ReS,/ReSe, /h-BN, h) MoS,/WSe,/h-BN, and i) WSe,/ReS, /h-BN devices under 532 nm laser illumination with varying gate
voltage application (Vg = =5 to 5 V). j) Energy band bending simulation of WSe,/ReS, heterostructure carried out by TCAD. Photogenerated carrier
dynamics in ReS,/WSe, heterojunction under k) Vg =-5V, () Vg =0V, and (m) Vg =5V.

range of +5 V, enabling gate-tunable separation of photocarriers
in opposite directions. Figure 2k—m provide a comprehensive ex-
planation of the photocarrier flow under each gate voltage con-
dition. When a negative gate voltage (V; = -5 V) is applied (see
Figure 2k), hole accumulation occurs in the W Se, layer, resulting
in electrostatic p-doping. This results in a shift of Fermi level of
WSe, toward the valence band, thereby forming a strong built-
in electric field propagating from ReS, to WSe, at ReS,/WSe,
junction. This electric field governs the photogenerated carriers
flowing toward the drain electrode (contacted with ReS, side),
thereby contributing to the positive photocurrent. This built-in
electric field persists even at V; = 0 V (Figure 2l), resulting in
maintaining generation of positive photocurrent (see V; =0V
case in Figure 2d). Conversely, applying a positive gate voltage
(Vi =5 V) induces electrostatic n-doping in the WSe, layer due to
electron accumulation (Figure 2m), which shifts the Fermi level
toward the conduction band and reverses the built-in electric field
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direction. This reversal drives photogenerated carriers from ReS,
toward WSe,, resulting in a negative photocurrent. Such gate-
dependent reversal of photogenerated carrier flow explains the
bidirectional photocurrent behavior observed in Figure 2d. These
findings indicate that the bidirectional photocurrent arises from
gate-induced modulation of the WSe, Fermi level, highlighting
the critical role of the WSe, layer in enabling polarity in our
ReS,/WSe, /h-BN optoelectronic device.

2.3. Synaptic Characteristics of ReS,/WSe,/h-BN Optoelectronic
Synaptic Device

Figure 3 presents the synaptic characteristics of ReS,/WSe,/h-
BN optoelectronic synaptic device with bidirectional PSCs under
532 nm laser exposure (Py, = 25 mW cm™?). Figure 3a,b shows
the dynamic photocurrent characteristics of ReS,/WSe,/h-BN
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Figure 3. Synaptic characteristics of ReS, /WSe, /h-BN optoelectronic synaptic device. Current-voltage characteristics of ReS, /WSe, /h-BN optoelectronic
synaptic device before and after a) 100 +V pulses and b) 100 -V pulses applied to the Viyc. c) Short-circuit current changes (Alsc) as a function of voltage
pulse amplitude (after 100 programming pulses). d) Representative LTP/LTD curve under sequential excitatory/inhibitory pulses (|Vipiel =5V, Wpise
=20 ms, F = 10 Hz), exhibiting bidirectional PSC responses. ) Four consecutive LTP/LTD cycles (64 potentiating and 64 depressing pulses per cycle;

|vspike| =5V, W

pulse

= 20 ms, F = 10 Hz) measured from ReS,/WSe,/h-BN optoelectronic synaptic device. LTP/LTD characteristics and extracted

dynamic range (DR) depended on f) pulse frequency (5-10 Hz), g) pulse width (5-20 ms), and h) pulse amplitude (3-5 V).

optoelectronic synaptic device. Under 532 nm laser illumina-
tion, our optoelectronic synaptic device initially shows an obvious
photovoltaic effect with short-circuit current (I5c) of 4.1 nA and
open-circuit voltage (V) of —0.11 V. After 100 of positive
voltage pulse programming (+5 V, 200 ms) to the weight control
terminal (Vyyc, same as gate voltage terminal), the device showed
current-voltage behavior with an enhanced I of 8.3 nA and V.
0f—0.21V (red line in Figure 3a). Similarly, the same device could
be modulated with an opposite photovoltaic effect with an Iy of
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-0.91 nA and V. 0of 0.03 V after 100 of negative voltage pulse pro-
gramming (-5 V, 200 ms) to the Vi, (blue line in Figure 3b). This
current-voltage behavior also varied with the amplitude of the
voltage pulse applied to V. As shown in Figure 3¢, increasing
the pulse amplitude from 1 to 5 led to a more pronounced change
in the short-circuit current (Algc). Notably, the direction of Al
consistently followed the polarity of the programmed pulse:
negative pulses induced a negative shift in Iy, while positive
pulses resulted in a positive shift. Interestingly, the polarity of
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Al after voltage pulse programming is opposite to that ob-
served in Figure 2d (I, > 0 under V;; < 0, while I, < 0 under
V¢ > 0). This phenomenon is attributed to charge trapping/de-
trapping in the defect states in WCL (i.e., O, plasma-treated h-BN
layer), which induces a pseudo-doping effect in the WSe, layer
that is opposite in polarity to the electrostatic doping by applying
the gate bias. Under application of a positive (negative) voltage
pulse, electrons (holes) will be captured by trap states at the O,
plasma-treated h-BN layer. These trapped electrons (holes) elec-
trostatically cause the WSe, channel to be pseudo-p-type (pseudo-
n-type).3#4] This results in a shift of the Fermi level of W Se, to-
ward the valence band (conduction band), a phenomenon that
persists even after the removal of the applied voltage pulse. As
shown in Figure S7 (Supporting Information), the device with-
out O, plasma treatment on h-BN surface exhibited no observ-
able current modulation or LTP/LTD behavior, confirming that
the plasma-induced charge-trapping sites are essential for synap-
tic functionality.

The non-volatile and bidirectional photocurrent dynamics of
ReS,/WSe, /h-BN optoelectronic device makes it possible to em-
ulate the synaptic characteristics by modulating the conductance
in the ReS,/WSe, channel layer with the application of voltage
spike through Vy,. As shown in Figure S8 (Supporting Infor-
mation), we could observe a distinct potentiation and depression
operations under the application of two voltage spikes with am-
plitude (V) of +5 V, width (W) of 20 ms and frequency (F)
of 10 Hz. Subsequently, we investigated the LTP/LTD character-
istics of the optoelectronic synaptic device using PSC measure-
ments under 532 nm laser illumination (Pj, = 25 mW cm™).
Figure 3d shows the representative LI'P/LTD curve obtained from
our optoelectronic synaptic device under the application of a se-
quence of excitatory/inhibitory pulses (|Vyuel =5V, Wyee =
20 ms, and F = 5 Hz). When 128 excitatory pulses were deliv-
ered, the PSC response (Ipgc) gradually increased from —1.74 to
5.5 nA. Conversely, the application of inhibitory pulses resulted
in a decrease of I5- from 1.63 to—1.87 nA. It is important to note
that positive and negative PSC responses were observed in both
LTP and LTD curves. In addition, as shown in Figure S9 (Sup-
porting Information), when both optical and electrical stimuli
were completely removed during the LTP/LTD measurements,
the synaptic device maintained its stored state. The PSC recov-
ered immediately upon re-application of the stimuli, confirming
that the memory state is retained even without continuous light
illumination. Figure 3e shows the four cycles of the LTP/LTD
curves corresponding to 512 pulses while applying consecutive
64 potentiating and 64 depressing pulses to the Vi, for a cy-
cle (|Vipikel =5V, Wye = 20 ms, and F = 10 Hz). Here, we
could observe a stable and reliable bidirectional operation of the
device, where the calculated relative standard deviations (RSDs)
of the maximum and minimum I, were 3.06% and 3.09%, re-
spectively. Further stability test (10 cycles) and retention test of
our synaptic device is shown in Figures S10 and S11 (Supporting
Information).

Next, we measured the PSC by applying a variety of voltage
pulse conditions. Figure 3f~h shows the LTP/LTD characteristics
in terms of frequency, width, and amplitude along with dynamic
range of the LTP/LTD curves. Unlike conventional synaptic de-
vice with unidirectional PSC response, our device demonstrates
bidirectional PSC; therefore, the dynamic range was defined as
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the difference between the maximum and minimum PSC values.
As shown in Figure 3f, frequency modulation from 5 to 10 Hz
(with fixed W, of 20 ms and | V.| of 5 V) led to a slight in-
crease in dynamic range from 6.72 nA to 7.49 nA. Similarly, as
depicted in Figure 3g, varying the pulse width from 5 to 20 ms
(with F and | V.| fixed at 10 Hz and 5 V, respectively) resulted
in an increase in dynamic range from 4.93 to 7.48 nA. In the case
of pulse amplitude engineering, increasing | V| from 3 to 5V
(with Fand W, fixed at 10 Hz and 20 ms, respectively) yielded
a gradual enhancement in dynamic range, from 4.47 to 7.5 nA,
as shown in Figure 3h. For all pulse modulation schemes, the
dynamic range consistently increased with higher-energy pulse
sets. This is attributed to the accumulation of a larger number of
carriers trapped in the WCL by the voltage pulses, which are re-
tained within the WCL before the arrival of subsequent pulses.
In addition, by increasing the laser power density from 2 to
25 mW cm™2, we were able to achieve a more than 14-fold en-
hancement in PSC amplitude (from 0.52 to 7.5 nA), as shown in
Figure S12 (Supporting Information). This indicates that the
number of photogenerated carriers directly determines the PSC
amplitude. Despite its excellent dynamic range, the device ex-
hibited relatively poor non-linearity under most pulse condi-
tions, resulting in substantial deviations from target values dur-
ing synaptic weight updates. These cumulative errors, partic-
ularly in synapses with frequent weight changes, can signifi-
cantly degrade the overall recognition accuracy of the neural
network.’% As shown in Figure S13 (Supporting Information),
the non-linearity values for a representative LTP/LTD curve were
5.54 and 6.53, respectively (with values closer to 1 indicating
higher linearity). This non-ideal behavior is expected to be due
to the high density of trap sites formed in the O, plasma-treated
h-BN layer, which leads to rapid saturation of charge trapping
during the initial pulses. To improve the non-linearity of our
device, we applied a pulse scheme with gradually varying am-
plitudes (|Vy,e| = 1.25 to 5V, incremented or decremented by
1.25 V every 16 pulses). This approach led to a significant im-
provement in synaptic performance, reducing I'TP and LTD non-
linearity to 1.59 and 1.07, respectively. In Table S3 (Supporting
Information), we provided a quantitative comparison between
our synaptic device and recently reported high-performance op-
toelectronic synaptic devices.’®°1758] The results confirm that
our device exhibited competitive performance across key pa-
rameters, including PSC amplitude, dynamic range, linearity,
and energy consumption. In addition, we fabricated seven de-
vices for device-to-device analysis, all of which exhibited simi-
lar LTP/LTD characteristics (see Figure S14, Supporting Infor-
mation) with RSDs of 11.2% and 10.35% for the maximum and
minimum PSC levels, respectively. Further studies for improv-
ing both non-linearity and dynamic range for ReS,/WSe,/h-BN
optoelectronic synaptic device is required, such as controlling
the trap state density in WCL or optimizing wavelength and
intensity of incident light conditions.

2.4. Facial Recognition using SNNs Based on ReS,/WSe, /h-BN
Optoelectronic Synaptic Device

To demonstrate the feasibility for pattern recognition of our
ReS,/WSe,/h-BN optoelectronic synaptic device, we performed
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Figure 4. Facial recognition using SNNs based on ReS,/WSe, /h-BN optoelectronic synaptic device. a) Schematic of the SNN architecture utilizing the
proposed ReS,/WSe, /h-BN optoelectronic synaptic device, consisting of 1024 input neurons, 20 hidden neurons, and 3 output neurons. b) Crossbar
array implementation of the SNN. c) Unit cell in SNN with (upper panel) unidirectional synaptic device with G* and (lower panel) bidirectional synaptic
device enabling both positive and negative synaptic weight expression (G*/G™). d) Input images of three identity classes used for unsupervised STDP-
based training. e) Comparison of recognition accuracy as a function of training epochs, demonstrating superior learning performance with the bipolar
G*/G™ synapse. f) Visualization of final neuron outputs, highlighting clearer and more distinct class representation with the G*/G~ synapse due to

effective lateral inhibition.

a device-to-system level simulation framework that integrates
our synapse device properties into SNN model. As illustrated in
Figure 4a, the network architecture features a fully connected
two-layer structure composed of 1024 input neurons, 20 hidden
neurons, and three output neurons. A set of 32 x 32 grayscale
facial images served as the input dataset for unsupervised learn-
ing, where each pixel intensity was assigned to a correspond-
ing input node, and each output node represented a specific
identity class. The synaptic connectivity was configured as a
crossbar array (Figure 4b), with each junction incorporating the
ReS,/WSe, /h-BN optoelectronic synaptic device. The crossbar ar-
chitecture is considered an optimal hardware platform for im-
plementing ANNs due to its support for key computational ker-
nels. It inherently enables efficient vector-matrix multiplication
(e.g., dot product), a fundamental operation in ANN. Addition-
ally, this architecture allows parallel rank-1 weight updates, en-
abling winner-takes-all mechanisms essential for competitive
learning %) Figure 4c presents a comparison of synaptic de-
vices used in facial recognition simulations, featuring unidirec-
tional PSC responses (upper panel) and bidirectional PSC re-
sponses (lower panel). Unlike conventional unidirectional synap-
tic devices restricted to the positive conductance regime (G*),
our synaptic device enables polarity-tunable PSCs that realize
synaptic weight modulation in both positive (G*) and negative
(G") states. This functionality enables the implementation of sin-
gle synapse device to represent positive and negative weights
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compared to conventional dual synapse configuration based on
unidirectional synapse devices, as shown in the right panel of
Figure 4c.

Nine training images extracted from the Yale Face Database
for three human faces are shown in Figure 4d. A training im-
age was applied into the SNN composed of optoelectronic synap-
tic devices, where each of the 1024 input neurons represented a
pixel and generated spikes with rates proportional to pixel inten-
sity (see Figure S15a, Supporting Information). These presynap-
tic spikes generated postsynaptic currents through conductance
of synaptic devices, which were integrated by leaky integrate-
and-fire neurons. Vector-matrix multiplication was inherently
performed by the crossbar array architecture. The neuron re-
ceiving the highest integrated current fired, initiating synaptic
updates through biphasic postsynaptic spikes. Depending on
the spike timing difference (A#), either +V;. or V. pulses
were applied, resulting in a decrease or increase in synaptic con-
ductance, respectively (see Figure S15b, Supporting Informa-
tion). The SNN was trained via a simplified STDP learning rule
schemel?! by designing an appropriate timing correlation be-
tween the presynaptic and postsynaptic spikes. Unlike the com-
plex, biologically inspired STDP scheme, the simplified STDP
rule significantly reduces peripheral circuit complexity by elimi-
nating the need for precise spike timing alignment. Based on the
experimentally obtained LTD/LTD characteristics of the optoelec-
tronic synaptic device, synaptic weight updates were modeled as
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a function of pulse. Following training, the ANN was tested using
24 images from three individuals.

Figure 4e compares the face recognition accuracy over train-
ing epochs for networks employing synapses with bidirectional
(G*/G™) versus unidirectional (G*) synaptic weight modulation.
The synaptic weight (G) used for simulation was optimized for
balanced potentiation and depression responses (see Figure S16,
Supporting Information). The network incorporating the bidirec-
tional synaptic device achieved over 90% accuracy within 20 train-
ing epochs, reaching a maximum of 95%, whereas the unidirec-
tional synapse plateaued below 75%. This contrast highlights the
critical role of bidirectional synaptic weight modulation, which
inherently supports a symmetric STDP learning rule and thereby
enhances the representational and adaptive capabilities of the
SNN. Further details can be found in Note 2 (Supporting Infor-
mation). The large fluctuations in recognition rate are attributed
to a well-kwon feature of SNN. In contrast to ANNs, where back-
propagation is the standard training algorithm, SNNs typically
employ STDP. However, this rule often results in unstable gradi-
ent updates and susceptibility to local minima, thereby leading to
large fluctuations in recognition accuracy. Despite these fluctua-
tions, our bidirectional synaptic device consistently outperforms
its unidirectional counterpart, demonstrating the robustness of
the observed improvement. The qualitative differences in learned
outputs are visualized in Figure 4f, where networks with bidirec-
tional synaptic device produce sharper, more class-distinct spik-
ing patterns compared to the blurred and non-selective activity
observed in the unidirectional case. In addition, the bidirectional
synaptic device showed the improved recognition rate of ~10%
on the Modified National Institute of Standards and Technology
(MNIST) handwritten digit dataset compared with its unidirec-
tional synapse (Figure S17, Supporting Information). These re-
sults indicate that bidirectional PSC functionality is instrumen-
tal in realizing effective lateral inhibition and improved classi-
fication performance in neuromorphic systems. We also evalu-
ated the device-to-device and cycle-to-cycle variability based on
the recognition rate per training epoch of the SNN, as depicted in
Figure S18 (Supporting Information), where error bars indicate
the corresponding variations.

3. Conclusion

In this study, we demonstrated the ReS,/WSe, /h-BN optoelec-
tronic synaptic device that intrinsically exhibits both positive
and negative PSC modulation by reversing photocurrent polar-
ity through gate bias and weight-control voltage pulses. This
bidirectional plasticity originates from Fermi level modulation
in the WSe, layer, induced by the pseudo-doping effect result-
ing from charge trapping in the WCL triggered by the applica-
tion of voltage pulses through Vy,. Our device exhibited a sign-
switchable photovoltaic response and robust, repeatable poten-
tiation/depression of PSC response. The LTP/LTD characteris-
tics of the ReS, /WSe, /h-BN optoelectronic synaptic device exhib-
ited a dynamic range of up to 7.5 nA when driven by a high-
energy pulse set (F = 10 Hz, W, = 20 ms, and [V | =
5 V). Although the initial non-linearity of the LTP/LTD curves
was relatively modest, it was significantly improved by adopting
a gradually ramped pulse scheme, yielding non-linearity of 1.59
(LTP) and 1.07 (LTD). A similar study by Zhai et al.[*! reported
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gate-tunable bidirectional photoresponse for hardware convo-
lution processing, whereas our work extends this concept to
synaptic functionality, demonstrating light-assisted bidirectional
PSC modulation and enhanced SNN learning performance.
Furthermore, system-level simulations employing a 1024-20-3
SNN with a crossbar array confirmed the practical advantage
of bidirectional synapses. Networks incorporating bidirectional
(G*/G™) synapses achieving over 90% accuracy within 20 epochs
and reaching a peak of 95%, whereas those using unidirec-
tional (G*) synapses plateaued below 75%. These results demon-
strate that our polarity-switchable optoelectronic synaptic device
can support online learning in hardware, offering a promis-
ing pathway toward scalable and energy-efficient neuromorphic
systems.

4. Experimental Section

Fabrication of the ReS,/WSe,/h-BN Optoelectronic Synaptic Device:
The h-BN flake was mechanically transferred on the 90 nm-thick SiO, ox-
ide layer on heavily p-doped Si substrate using dry-transfer technique. To
form the WCL, The O, plasma treatment process was carried out on the h-
BN flake by a reactive ion etching (RIE) system (PLASMA LAB80) at an O,
gas flow rate of 5 sccm, RF power of 5 W, and etching duration of 10 min.
WSe, and ReS, flakes were then transferred onto the WCL/h-BN by us-
ing the same transfer technique. Source and drain electrodes (length and
width of the channel area were 5 um) were patterned on the ReS, /WSe, /h-
BN sample using electron-beam lithography technique (Raith Elphy Quan-
tum graphic writer) performed with a field-emission scanning electron mi-
croscope (SU5000). After patterning, 20-nm-thick Pt and 200-nm-thick Ag
electrodes were deposited via electron-beam evaporation.

Material Characterization of ReS,/WSe,/WCL/h-BN Heterostructure:
For the structural and elemental analyses of the ReS,/WSe,/WCL/h-BN
heterostructure, focused ion beam (FIB) milling was performed using a
Hitachi NX5000 system. The resulting lamella was then investigated using
a Talos F200X G2 TEM operated at 200 kV. Raman spectra were obtained
using a Horiba LabRAM HR Evolution with a 532 nm excitation laser op-
erating at a power of 25 pW. The spectral resolution was ensured by em-
ploying a grating with a groove density of 1800 gr mm~". The XPS analysis
was carried out by NEXSA G2 (Thermo Fisher Scientific) with minimum
energy step size of 3 meV and spot size of <400 pum.

Electrical and Synaptic Characterization of the Device: The current—
voltage (Ips—Vgs) characteristics and synaptic responses were measured
using a parameter analyzer (Keysight B2912B) and a waveform gener-
ator (Keysight 33500B) in a vacuum probe station (~1x107> Torr). A
continuous-wave 532 nm laser (LightHUB) with an optical power density
of up to 50 mW cm~2 was used as the optical stimulus. The laser was
applied in a free-space, normal-incidence configuration, illuminating the
entire device channel area. Electrical spike signals for synaptic tests were
applied to the gate terminal in the form of square pulses with controlled
amplitude, frequency, and width. All electrical bias conditions are provided
in the corresponding figure.

Energy Band and SNN Simulations:  Energy band simulations were car-
ried out using Synopsys Sentaurus (Synopsys Inc.), a TCAD software pack-
age. System-level SNN simulations for facial recognition were conducted
in MATLAB. The device-to-system level SNN simulation framework, fol-
lowing the methodology reported in previous work was utilized.[?>:61]
The facial images shown in Figure 4 were sourced from the Yale Face
Database, with full permission obtained in accordance with Yale’s usage
policy. These images were used to evaluate the classification performance
of the SNN.

Supporting Information

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