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crucial for complex tasks such as data classi“cation and image
recognition.

Recently, optoelectronic neuromorphic devices, which mod-
ulate conductance through light exposure, have emerged as
promising alternatives to purely electrical systems, o�ering
advantages such as wider bandwidth, faster signal process-
ing, wavelength-dependent tunability, and lower computational
power consumption.[��…�� ] However, most existing optoelectronic
neuromorphic devices still face challenges related to mate-
rial biocompatibility,[��…�
 ] and long-term retention of synaptic
states.[��,�� ] These limitations hinder their direct integration with
biological systems for real-time biometric data processing, partic-
ularly in applications requiring rapid learning and stable memory
characteristics.

To e�ectively interface with biological systems, neuromorphic
devices must be fabricated using biocompatible and mechani-
cally compliant (i.e., skin-conformable) materials. In this con-
text, graphene (Gr) and ZnO nanoparticles (NPs) are highly
promising candidates. Gr, with its exceptional electrical conduc-
tivity, Fermi-level tunability, and biocompatibility, enables the
development of highly sensitive and adaptable optoelectronic
devices.[��…�� ] ZnO NP, a well-established biocompatible mate-
rial, exhibits high chemical stability and excellent optoelectronic
properties suitable for neuromorphic devices, including UV re-
sponsivity, multiple charge trapping states, and high electron
mobility.[��…�� ] Heterostructures composed of graphene and var-
ious NPs have gained attention as high-performance and high-
gain photodetectors since their “rst demonstration in �
��, [�� ]

owing to the synergetic combination of the photosensitizing ca-
pability of NPs and the intrinsically high carrier mobility of
Gr.[�
,�� ] While signi“cant progress has been made in exploit-
ing Gr/NP heterostructures for optoelectronic sensing and imag-
ing, their application in neuromorphic computing remains rela-
tively unexplored. In particular, the potential of interfacial trap-
mediated processes, which could enable stable and e	cient
synaptic functionalities, has yet to be fully harnessed. Therefore,
a systematic understanding and utilization of these processes
are essential for developing biocompatible neuromorphic devices
with enhanced stability, long-term retention, and real-time signal
processing capabilities.

In this study, we present a Gr/ZnO (GZO) heterostructure-
based optical charge trap memory (CTM) that harnesses inter-
facial trap-mediated processes to realize neuromorphic function-
alities optimized for stable bio-signal processing. The GZO CTM
exhibits long-term charge retention, maintaining over �� h at the
e−� loss point (�
.�%). Using transient absorption spectroscopy
(TA), we investigate the underlying charge transfer dynamics,
revealing electron…hole pair dissociation and interfacial charge
transfer/trapping during the photodoping process. Furthermore,
we elucidate that the long retention characteristics arise from
the substantial energy barrier at the GZO interface, which stabi-
lizes trapped charges over extended periods. Leveraging this re-
tention capability, the device demonstrates enhanced relearning
e	ciency, requiring substantially fewer pulses for memory repro-
gramming after partial loss. To validate the practical applicability
of the GZO CTM, we conduct arti“cial neural network (ANN)
simulations for handwriting recognition tasks, achieving rapid
convergence and near-unity classi“cation accuracy within �

training epochs. Altogether, our “ndings demonstrate that trap-

engineered GZO heterostructures provide a viable strategy for re-
alizing scalable, energy-e	cient neuromorphic devices suitable
for biocompatible and real-time signal processing applications.

�. Results and Discussion

�.�. Device Fabrication and Electron Photodoping for GZO
Optical CTMs

The GZO optical CTM consists of a monolayer of Gr, grown via
chemical vapor deposition (CVD), which serves as the conduct-
ing layer, and ZnO NPs, which function as the absorbing layer
(FigureS� , Supporting Information). The ZnO NPs are placed on
top of the Gr to enable e	cient interaction with the incident light
and facilitate charge transfer to dope the Gr channel, as shown in
the OM image (FigureS� , Supporting Information). The X-ray
di�raction and optical absorption measurements of the absorb-
ing layer, presented in FigureS�a (Supporting Information), indi-
cate the successful synthesis of ZnO NPs. The optical properties,
absorbance, and photoluminescence (PL), are shown in Figure
S�b…d(Supporting Information). The broad yellow PL peak in
ZnO NPs is commonly attributed to the trap states such as oxy-
gen vacancies (VO

� +) and zinc vacancies (VZn
� −),[��…�� ] which sig-

ni“cantly in”uence the carrier recombination dynamics.
Due to the unique Dirac cone structure of Gr, Gr channels ex-

hibit high carrier mobility, [�� ] enabling e	cient carrier transport
under photodoping conditions. Under illumination, photodop-
ing increases the carrier densityn in the Gr channel, leading to
an increase in current according to Ohm•s law (J= 𝜎E = ne� 𝜏

m
E).

The schematic Fermi-level demonstrations and their doping state
are displayed in FigureS�b (Supporting Information). The V-
shape transfer curve centered at the Dirac point re”ects the tran-
sition of majority carriers from electrons to holes, or vice versa, as
modulated by the gate bias. Thus, the location of the Dirac point
in the transfer curve indicates the initial carrier doping state in
the Gr channel. In this GZO optical CTM, the initial state is lo-
cated in then-doping region.
Figure 1a illustrates the UV light-induced photocurrent in-

crease in the GZO optical CTM, attributed to Gr doping via
photogenerated electron transfer from ZnO NPs. This elec-
tron photodoping process is con“rmed by the transfer curve in
Figure �b . The Dirac point is gradually shifted toward negative
voltages as the duration of irradiation increases. This indicates
that a more negative gate bias is required to convert the Gr chan-
nel into a hole-majority system.[��,�� ] The Dirac point shift in the
Gr channel is direct evidence of the electron doping in the Gr
channel by photogenerated electrons from ZnO NPs. Thus, the
photodoping-induced carrier doping in the Gr channel results
in an increased drain current at zero gate bias (Figure�c ). The
electron doping concentration, modulated by light exposure time
and intensity, can be calculated from the Dirac point shift in the
transfer curve by using the parallel-plate capacitor model[��,�� ]

(see NoteS� , Supporting Information for further details). With
increasing irradiation time, both the doping concentration and
the drain current rise, reaching �.�� × �
 �� cm−� after �
 s at an
intensity of �.��� mW cm −� (Figure �d ).

As the UV intensity increases, both the intensity of excita-
tory postsynaptic current (EPSC) and the retention properties are

Adv. Electron. Mater.���� , e����� e���	� (� of ��) © ���� The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

 2199160x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202500361 by K
orea A

dvanced Institute O
f, W

iley O
nline L

ibrary on [18/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advelectronicmat.de


www.advancedsciencenews.com www.advelectronicmat.de

Figure �. a) Device schematic of GZO optical CTM (left); charge generation and carrier transfer from ZnO to Gr after light exposure (center); electrically
bound electron-hole pair for long retention (right). b) Id (drain current) … Vg (gate voltage) curve with various light irradiation times (��� nm, �.��� mW
cm−� ). Id…Vg curves were measured right after the light was turned o�. c)ΔId … t (time) curve with various durations of light irradiation (��� nm,
�.��� mW cm −� ) at Vg = � V. d) Calculated doping concentration and drain current increment with di�erent durations of UV light irradiation. e)ΔId … t
(time) curve with various light irradiation intensities (��� nm, � s). f) Normalized drain current (ΔId /ΔId,max)…t curve under di�erent light intensities,
showing the persistence of photogenerated current levels. g) Drain current increment and doping rate obtained from the exponential growth model
“tting.

enhanced (Figure�e,f ). In Figure �e and FigureS� (Supporting
Information), the EPSC responses under various light intensities
exhibit di�erent slopes, which re”ect changes in carrier doping
rate. The increase in the carrier doping rate with higher UV in-
tensity is attributed to the elevated concentration of photogener-
ated electron-hole pairs (EHPs) in ZnO NPs. This phenomenon
suggests that the driving force of the photodoping process is at-
tributed to the temporal concentration gradient of photogener-
ated electrons, driven by rapid charge transfer quenching at the
GZO interface.[�� ]

Quantitative parameters describing the doping rate, time con-
stant, and amplitude are obtained by “tting the initial increase
region of the EPSC curves with an exponential model (Figure�g ;
TableS� (Supporting Information)). At higher UV intensities, the

doping time constant exhibits rapid saturation rather than a lin-
ear increase. This saturation behavior is attributed to the dom-
inance of EHP recombination over charge transfer to Gr as the
photogenerated carrier density increases.[��,�� ] The dynamics are
generally described by the carrier recombination rate equation:

− dn
dt

= k� n + k� n
� + k� n

� (�)

wheren, t, and ki = �, �, � represents carrier density, time, mono-
, bi- and tri-molecular recombination rate constants, respec-
tively. In the monomolecular recombination dominant region,
i.e., under low excitation intensity, the generated carriers dom-
inantly transfer to Gr from ZnO. However, at higher carrier
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Figure �. a) Energy band diagram of GZO heterojunction measured by UPS, b) Time-dependent absorption di�erences between bare ZnO and GZO
heterostructure, c) Representative TA spectra probed at di�erent delay times in bare ZnO and GZO heterostructure, d) Decay dynamics of electron-hole
pairs of bare ZnO and GZO heterostructure.

densities, bimolecular and trimolecular recombination become
predominant, these bi- and trimolecular recombination poten-
tially contribute to the limited doping rate and saturated doping
behavior.[��,�
 ]

Furthermore, the normalized EPSC curve (divided by maxi-
mum) in Figure �f shows that the retention of photodoped carri-
ers is also enhanced as UV intensity increases. In heterostructure
semiconductors, the retention properties are typically attributed
to trap states at the interface.[��,��…�� ] As the carrier concentration
increases, the occupation of interfacial trap states also rises. This
increased trap state occupation directly contributes to the im-
proved retention properties of the GZO system. A detailed expla-
nation of the retention characteristics is provided in Section�.� .

�.�. Charge Transfer Quenching Process in GZO Optical CTMs

To investigate the ultrafast charge transfer and recombination
dynamics within the GZO heterostructure, we performed tran-
sient absorption (TA) spectroscopy.[�
,�� ] Figure 2a presents the
initial band diagram of the GZO system calculated by ultravio-
let photoelectron spectroscopy (UPS, see details in NoteS� , Sup-
porting Information) and the Tauc plot derived from the absorp-

tion spectrum of ZnO NPs.[�� ] The TA spectral mapping and de-
cay dynamics are displayed in Figure�b,c . In GZO samples, the
photoinduced absorption signal decays rapidly on the picosecond
timescale, in contrast to pristine ZnO NPs. Moreover, a slight
blueshift (≈� nm) in the bleaching peak is observed in GZO, im-
plying reduced exciton binding energy, as shown in Figure�c .
The optical bandgap follows:

Eg,opt = Eg,edge − Eb (�)

where Eg,opt, Eg,edge, and Eb represent the optical bandgap,
edge-to-edge bandgap, and exciton binding energy, respectively.
The reduced exciton binding energy, arising from interfacial
quenching by Gr, indicates e	cient dissociation of electron…hole
pairs,[�
,��,�� ] and consequently, electron transfer to the Gr chan-
nel is facilitated.[��,�
 ] This reduction facilitates the dissociation
of electron…hole pairs (EHPs) and promotes rapid electron trans-
fer to the Gr channel. The kinetic curves in Figure�d were “tted
using a biexponential decay model:

−ΔA
A

= y
 +
∑
i=� ,�

Iiexp
(
− t
𝜏i

)
(�)
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Table �. Biexponential Fitted Decay Component in TAS.

y� A� 𝜏 � A� 𝜏 �

ZnO �.����� ��.�% ��
.� ps ��.�% ����.	 ps

Gr/ZnO �.����� ��.�% ��.� ps ��.	% �
�.� ps

where−ΔA
A

, y
 , Ii, and 𝜏 i represent absorbance change, steady-
state carrier population, the amplitude, and decay time. The “t-
ting parameters are summarized inTable 1. Both the fast (i = �)
and slow (i = �) decay components exhibit a signi“cant reduc-
tion in their respective lifetimes, whereas their relative amplitude
contributions remain nearly unchanged. The “tting parameters
are summarized in Table� . Both the fast (𝜏 � ) and slow (𝜏 � ) de-
cay components exhibit a signi“cant reduction in their respective
lifetimes, whereas their relative amplitude contributions remain
nearly unchanged. The fast decay component is assigned to trap-
mediated monomolecular recombination and electron transfer
from ZnO to Gr, whereas the slow component corresponds to
bimolecular recombination. The observed reduction in both life-
times indicates more e	cient interfacial charge transfer at the
GZO interfaces, facilitating rapid electron injection into the Gr
channel.

�.�. Retention Properties in GZO Optical CTMs

After the optical stimuli, the transferred electrons were retained
in the Gr channel, contributing to the long-term memory behav-
ior, as shown in Figure S� (Supporting Information). The de-
cay of EPSC (representing memory retention) is “tted using the
Kohlrausch stretched exponential function[��,�� ]

I = I
 exp
[
−
( t
𝜏

)𝛽
]
+ I∞ (�)

where I
 , 𝜏, 𝛽, and I∞ are the pre-exponential factor, decay time
constant, stretch index (
< 𝛽 <�), and EPSC value after the decay,
respectively. The retention time, de“ned as the time required for
the system to decrease to �
.�% (loss pointe−� ) of its initial state,
following optical stimuli applied at an intensity of ��.
� mWcm − �

for a duration of 

 s, is calculated to be �� h. This extended re-
tention period highlights the stability of the photodoped electrons
in the Gr channel and the e�ectiveness of the energy barrier in
maintaining the excitation state over a prolonged timescale. De-
spite the electrically grounded state at the electrode, the doped
electron persists in the Gr channel in contrast to the electrically
doped state that recovers rapidly, as shown in FigureS
 (Support-
ing Information). Previously, Penfold et al. reported hole trapping
behavior in ZnO NPs using time-resolved X-ray spectroscopy.[�
 ]

This suggests that the photogenerated electrons transferred to
Gr may interact with the trapped holes in ZnO NPs at the inter-
faces. Such interfacial Coulombic interaction contributes to the
prolonged retention in the Gr channel.
Figure 3a schematically illustrates the energy band diagrams

and carrier dynamics during photodoping, retention, and reset.
Due to Gr•s metallic nature, the GZO interface forms a Schottky
barrier. The �.
� eV energy barrier inhibits the recombination
between electrons in Gr and holes trapped in ZnO. To examine

the long retention time resulting from the high energy barrier,
we modulated the energy barrier via gate bias pulses (Figure�b ).
An increase in pulse amplitude accelerated recovery, with the re-
combination current following the thermionic emission model:

I = SR∗T � exp
(
−
q 𝜙B

kBT

)
(�)

where I, S, R* , q, kB, T and ϕB represent current, surface area,
Richardson constant, elementary charge, Boltzmann constant,
temperature, and energy barrier, respectively. In Figure�c , the
energy barrier was estimated by subtracting the gate-induced
Fermi level shift from the barrier height measured via UPS (de-
tails in NoteS� , Supporting Information). The inhibitory current
is “tted to match the observed current tendency characteristic
of the Schottky contact, providing evidence that the energy bar-
rier for recovery plays a crucial role in the prolonged retention in
the GZO optical CTM. This “tting result demonstrates that the
inherent properties of the Schottky contact, such as the energy
barrier between Gr and ZnO, e�ectively hinder recombination
processes, allowing the photodoped electrons to persist in the Gr
channel over �
 
 s. Furthermore, Figure�d and FigureS� (Sup-
porting Information) demonstrate the decreasing tendencies in
both pulse amplitude and period during the recovery process.
Thus, during the electrically biased reset process, the reduced
Schottky barrier between Gr and ZnO NPs enhances the recom-
bination of EHPs. Both the magnitude of barrier reduction and
the duration of the applied bias contribute to the recombination,
allowing the system to recover to its initial state. In summary,
in the GZO optical CTM, electron transfer from ZnO NPs at the
Gr/ZnO interface enhances the current in the Gr channel, while
a substantial interfacial energy barrier suppresses recombination
of the bound carriers and stabilizes the photodoped state, en-
abling long-term retention.

�.�. Training and Inferencing with GZO Optical CTMs

ANNs are computational models inspired by the structure and
functionality of biological neural networks, widely used in “elds
such as image recognition, natural language processing, and
decision-making systems. For the e�ective implementation of
ANNs, the processes of weight updating and validation are es-
sential, typically performed iteratively over several epochs to op-
timize performance. In this study, we systematically examined
the conductance increase, i.e., the synaptic weight update of the
optical CTM, under di�erent optical stimuli, such as pulse inter-
val, pulse width, and pulse intensity, as shown inFigure 4a…c.
As shown in FigureS� (Supporting Information), the retention-
decay trends across the di�erent pulse conditions exhibit a uni-
form pro“le. This observation suggests that the decay dynamics
are governed primarily by the magnitude of conductance modu-
lation, which determines an identical energy barrier at the GZO
heterojunction, irrespective of pulse parameters. The consistent
decay kinetics under identical doping levels re”ect the energy
barrier-driven decay mechanism, consistent with the thermionic
emission model discussed in Section�.� . These results align with
the observations in Figure� , demonstrating that the device ex-
hibits faster learning when exposed to more frequent, longer, or
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Figure �. a) Schematic mechanism of the photodoping (left), retention (middle), and reset (right) process. b) Weight reset process under various voltage
pulses. c) The calculated energy barrier between Gr and ZnO from reduced current by electron-hole pair recombination. d) Current decrease tendency
under various pulse periods (Duty ��%).

higher-intensity light pulses. These consistencies of the mem-
ory and the forgetting processes highlight the direct relationship
between the characteristics of the stimuli and the learning e	-
ciency. Figure�d presents the relearning e	ciency of the device,
demonstrating that the system learns more easily after experienc-
ing memory loss. During the initial learning process, �� pulses
were required to achieve a � mS increase in conductance. How-
ever, after approximatelye−� of the memory was lost, only 
 pulses
were needed for relearning. Even within the range used during
the relearning phase (re-updating conductance level, Figure�d
right), it can be observed that while �� pulses were required ini-
tially, only �.� pulses were necessary for relearning. This indi-
cates that the repeated learning after the initial process signi“-
cantly reduces power consumption due to the decreased number
of pulses required for weight updates. Figure�e shows the re-
peated optical potentiation by UV light and electrical depression
by electrical pulses over “ve consecutive cycles.

To evaluate the neuromorphic potential of the GZO optical
CTM, we “rst compared its retention characteristics with previ-
ously reported optical CTM devices, as summarized in TableS�
(Supporting Information). The GZO optical CTM exhibited ex-

ceptionally longer retention time, as shown in FigureS� (Sup-
porting Information).

For practical assessment, we conducted an ANN simulation
using the GZO optical CTM. Repeated cycles of optical potentia-
tion and electrical depression enable weight updates in the hid-
den layers of an ANN, critical for tasks like image recognition
and bio-signal classi“cation. As shown inFigure 5a, a fully con-
nected neural network with a ��� × �

 × �
 architecture was
constructed. The network was trained using 

 


 handwriting
samples from the Modi“ed National Institute of Standards and
Technology (MNIST) dataset, followed by a testing phase to as-
sess its performance. During the testing process on handwriting
data, as shown in Figure�b , the network was tested using both
the original image set and noisy images with three levels of added
noise.

To re”ect device-level constraints, the nonlinearity observed
in the GZO optical CTM during weight updates and backprop-
agation was incorporated into the network model (FigureS� ,
Supporting Information). The resulting performance was com-
pared to that of an ideal linear device (Figure�c ). Due to the
nonlinear synaptic characteristics of the GZO optical CTM, the
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Figure �. a…c) Weight (conductance) adjustment by di�erent light pulse intervals, pulse widths, and pulse intensities, respectively. d) Necessary pulse
number to adjust �� Ω−� from the initial state for the learning (�� pulses) and relearning (� pulses) processes (left). � times more e
cient relearning
process from the same level (right). e) Endurance test for potentiation (�.��� mW cm−� , �s) and depression (�� V pulses, ��.�	s).

accuracy during the initial epoch was lower compared to the
ideal case. However, the accuracy increased rapidly, and after ap-
proximately “ve epochs, the performance closely matched that
of the ideal case. Furthermore, after �
 epochs, the recognition
rate for the original and high noise images reached ��.��% and
��.��% respectively, compared to ��.��% and ��.��% in the ideal
case. As shown in FigureS�
 (Supporting Information), the ac-
curacy achieved with di�erent momentum values demonstrates
that higher momentum facilitates rapid convergence and im-
proved accuracy. Figure�d and FigureS�� (Supporting Informa-
tion) present the confusion matrix, which illustrates the classi“-
cation errors, showing exceptionally high performance for both
the original and noised images. Detailed raw data for the �




test images are provided in TableS� (Supporting Information).

�. Conclusion

In this study, we demonstrated the neuromorphic capabilities of
the GZO optical CTM, which harnesses interfacial trap-mediated
photodoping and a substantial energy barrier at the GZO inter-
face. This mechanism e�ectively suppresses recombination be-
tween the transferred electrons in the Gr and trapped holes in
the ZnO NPs, enabling long-term charge retention exceeding ��
h. The device exhibited notable learning adaptability, as demon-
strated by its enhanced relearning e	ciency, requiring signi“-
cantly fewer optical pulses for reprogramming after partial mem-

ory loss. Furthermore, ANN simulations based on the conduc-
tance modulation characteristics of the GZO CTM con“rmed
its suitability for practical neuromorphic computing. The GZO
synapse achieved rapid accuracy convergence and near-ideal per-
formance (recognition rate of ��.��%) in handwriting recogni-
tion tasks on the MNIST dataset after only �
 training epochs,
even under noisy input conditions.

Beyond its performance, the nontoxic and biocompatible na-
ture of Gr and ZnO makes the GZO optical CTM promising for
next-generation biocompatible neuromorphic devices. We envi-
sion that the GZO CTM could be implemented into wearable sys-
tems for real-time monitoring and classi“cation of bio-signals,
such as odor patterns and electrocardiogram, enabling advanced
bioelectronic interfaces. Future research should focus on expand-
ing and optimizing biosensing functionalities, as well as scaling
the system for practical biosensing demonstrations.

�. Experimental Section
Materials: Ethanol, dimethylsulfoxide (DMSO), ethylacetate, zinc

acetate dihydrate, and magnesium acetate pentahydrate, were pur-
chased from Sigma…Aldrich. Tetramethylammonium hydroxide was pur-
chased from Thermo Fisher. The CVD graphene, prepared in the form
of three layers comprising poly(methyl methacrylate) (PMMA)/CVD
graphene/polymer, was purchased from Graphenea, Inc., which was ready
for the wet transfer procedure.

Adv. Electron. Mater.���� , e����� e���	� (
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Figure �. a) Schematic of the ANN to recognize MNIST data. b) The recognition test set with original, low noise, medium noise, and high noise. Gaussian
noise with a mean of �.� and standard deviations of �.�, �.�, and �.�, respectively, was added to each dataset. c) Accuracy test by ideal neural network
and GZO neural network. d) Confusion matrix of the original image by MNIST recognition test.

Synthesis Materials and Characterization: The ZnO NPs, synthesized
through the hydrolysis and precipitation method, following previously
reported.[�
 ]XPS (Al k𝛼 line ����.� eV) and UPS were measured using
Axis-Supra of Kratos. Images of the morphology were observed by using
a “eld-emission scanning electron microscope (SU-����, Hitachi). XRD
was measured using RIGAKU Ultima IV with thin “lm samples.

Device Fabrication: The PMMA/graphene was then wet-transferred
onto the Si/SiO� substrate. After wet-transferring the PMMA/graphene,
the PMMA layer was removed using acetone/IPA. Then, the thermal evap-
oration was used to create the source/drain contacts of �:�� nm thick tita-
nium (Ti)/gold (Au), respectively. The silicon in the Si/SiO� substrate was
used as the back-gate electrode for graphene electrostatic doping. On the
graphene FET, the ZnO nanoparticle was spin-coated at ���� rpm for ��s
and annealed at ��� °C for �� min.

Transient Absorption Spectroscopy: The pump-probe absorption mea-
surements were conducted using the Helios system from Ultrafast Sys-
tems. The excitation source was generated by a femtosecond ampli“er

(Astrella-F-�K), producing an ��� nm fundamental beam at a repetition
rate of � kHz. This fundamental beam was used to generate the probe
beam by passing through a crystal within the Helios system for continuum
generation. Meanwhile, the ��� nm pump beam was produced using an
optical parametric ampli“er (OPA) from Coherent. The sample was placed
on a sample holder, where the chopper-modulated pump light illuminated
the sample, and the detector was synchronized to measure each probe
pulse and compute the absorption spectrum. The Helios software deter-
mined the chopper state (pump-on or pump-o�) based on the chopper
sync output, enabling di�erentiation between the pump-on and pump-o�
conditions for the probe beam.

Device Characterization: The transfer curve was measured by a Keith-
ley ����a source meter with open source software, SweepMe, in a vacuum
chamber, and the commercial UV LED was coupled with an optical “ber
for optical stimuli.

Neural Network Simulation: The ANN was simulated the torch. The
ReLU function as an activation function for the hidden layer was used.

Adv. Electron. Mater.���� , e����� e���	� (� of ��) © ���� The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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The learning rate, batch size, and momentum for the SGD optimizer were
�.���, ���, and �.
, respectively.
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Supporting Information is available from the Wiley Online Library or from
the author.
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