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Improving multifunctional monolithic
nano-device by single (Al,Ga)N nanowire/
graphene van der Waals heterostructure
for neuromorphic computing,
photodetection and imaging
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Integrating neuromorphic computing, photodetection and imaging in single devices remains
challenging due to the inherent trade-off between the transient photoresponse speeds of artificial
synapses and photodetectors. This study develops a dual-mode monolithic device using a (Al,Ga)N
nanowire/graphene heterojunction, operating as a photodetector under negative bias and a
neuromorphic sensor under positive bias. Graphene strengthens the built-in electric field, enhancing
carrier separation and photocurrent for both functions. The device consumes ultralow energy

(3.19 x 107" J) with demonstrated synaptic plasticity features like spike-dependent learning and
accelerated memory reinforcement. Leveraging this synaptic plasticity, the device achieves over 90%
accuracy in image processing tasks. This work introduces a multifunctional integration strategy that
advances neuromorphic computing efficiency and optoelectronic device design, demonstrating the
feasibility of simultaneous imaging and brain-inspired computation in compact systems.

Combining multiple functionalities within a single optoelectronic device is
crucial for the next-generation optoelectronics, including the neuromorphic
computing, photodetection, and imaging"’. Photodetectors (PDs) are
essential components in a variety of optoelectronic applications, including
photodetection, imaging technologies, and optical communication systems,
which play a pivotal role in harnessing visual information™. By capturing
light signals and converting them into electronic signals, PDs enables
machines to perceive and interpret their environments, analogous to human
visual perception®’. The human visual system, comprising the ocular
apparatus and the central nervous system, has undergone extensive evolu-
tion to adeptly capture and process intricate visual stimuli”®. This capability
enables the formation of memories that can be easily retrieved at a later time,
playing a critical role in our daily functioning and decision-making’.

Inspired by biological systems, researchers are currently investigating and
developing a neuromorphic visual sensor (NVS) that mimics the physio-
logical mechanisms of the human eye. This innovative sensor is designed to
facilitate the perception, memory and processing of light signals, thereby
enabling advanced interpretations of photonic information’”. However, a
notable limitation of PD is their inability to store and promptly recall his-
torical visual information". Thus, it is urgent to develop a machine visual
system that integrates multiple functions, specifically the incorporation of
PDs and NVS within a single device.

GaN-based materials are progressively being acknowledged for their
considerable potential in the fields of photodetection and neuromorphic
engineering'*””. Nanowires (NWs) have a topology analogous to that of
tubular axons, which significantly influences the processing of data in
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biological systems'*"*. When coupled with their significant surface area,
efficient transport of charge and high light responsiveness to particular
wavelength ranges, nanowires can modulate synaptic activity with increased
flexibility while consuming low power'***. In addition, GaN nanowires boost
light-material contact area and absorption efficiency by prolonging light
paths, enhancing photoelectric conversion'”". Due to the high surface-to-
volume ratio of a single nanowire, its surface effects become more pro-
nounced in ultra-small volumes, facilitating the effective modulation of its
photoelectric response characteristics for fabricating various types of
devices™”. Furthermore, the device based on a single nanowire is much
smaller in volume compared to traditional devices, enabling a significant
reduction in the size of the overall system™*”. In situ integration methods for
multifunctional device can simplify the fabrication process, making it feasible
to produce large-scale, uniform hybrid structures with improved
compatibility”’. Hence, it is very promising to prepare multifunctional device
based on GaN-based nanowires, which can make the supporting systems
much simpler and expand the application scenarios greatly. However,
synaptic devices require more time for signal processing and storage, while
PDs typically rely on fast light response capabilities”**. In other words, their
requirements for light response speeds have significant contradiction, making
it quite difficult to integrate them into a single monolithic device.

In addition, although a single-nanowire device has the very small size
and it is beneficial for integration, the photocurrent is very low, which
severely hinders its development™. It is challenging to improve the perfor-
mance of the single-nanowire device with multiple functions. In this work,
we propose a multifunctional device achieved through the successful con-
struction of a van der Waals heterojunction between a single (ALGa)N
nanowire and graphene. We overcome the contradiction of response speeds
for PDs and neuromorphic visual sensor by modulating the bias voltage to
switch between different functions. This type of heterojunction device can
improve the light response current and excitatory postsynaptic current
(EPSC) compared with a single nanowire device. Additionally, the device can
emulate several synaptic functions, including paired pulse facilitation (PPF),
spike-number-dependent plasticity (SNDP), spike-frequency-dependent
plasticity (SFDP) and spike-intensity-dependent plasticity (SIDP), as well as
exhibiting learning behavior. It results in a significant enhancement of the
recognition accuracy and efficiency of the neuro-visual sensing processes for
images, through pre-processing and non-pre-processing techniques.

Results and discussion
Design and preparation of single nanowire/graphene
heterostructure
The preparation procedure is shown in Fig. 1a—d. The device is proposed to
be used as the indispensable component of the human biological vision
system to recognize and process images (Fig. le). Essentially, this involves a
sample training process that allows an individual to retain and recall images.
As part of this demonstration, the image of the digit “8” has been randomly
extracted from a database containing numbers from 0 to 9. The synaptic
structure within neurons is crucial for the process of recognizing and dis-
tinguishing numbers. When exposed to biological stimuli, the visual system
activates anterior neurons to send bioelectric signals to posterior neurons via
synaptic units. This transmission creates a potential difference, resultingin a
EPSC™. The incident light, electrodes, and photogenerated charge in the
multifunctional device act as a biological spike, pre-synaptic/post-synaptic
membrane, and neurotransmitter in a biological synapse, respectively”'.
From Fig. 1f, it can be seen that the grown nanowires exhibit excellent
vertical alignment and morphological uniformity, with the heights
exceeding 2100 nm and diameters ranging from 60 nm to 110 nm. Figure 1g
reveals a distinct GaOy shell on the sidewall of the nanowires. According to
Fig. 1h, the O and N elements further confirm the presence of GaOy on the
sidewall”. Meanwhile, the proportion of O within the material is below the
precise stoichiometric ratio expected for Ga,0O; (Figs. 1h and S1), indicating
the possible formation of O vacancies in GaO,”. To further investigate the
underlying mechanism of native oxide-shelled single nanowire, a compre-
hensive analysis using X-ray photoelectron spectroscopy (XPS) are

conducted. This approach is crucial for monitoring the intricate chemical
characteristics and precise binding states of the atoms in (Al,Ga)N nano-
wires. From Fig. 1i, it can be seen that the Ga 3 d spectra are meticulously
deconvoluted into three distinct peaks. The first peak (~21.24 eV) corre-
sponds to the Ga oxide (Ga-O) bond, indicating the presence of the oxide.
Similarly, the N 1's spectrum is fitted to three distinct peaks (Fig. 1j). The
prominent peak observed at approximately 397.24 eV is attributed to the
bonding of N-Ga, while the other two peaks at about 395.74 eV and
392.30 eV correspond to Ga LMM Auger transitions'*. Meanwhile, the O 1 s
spectra are deconvoluted into two different peaks (Fig. 1k), which are
centered at approximately 532.14 eV and 530.87 eV, corresponding to
metal-oxide (M-O) and oxygen vacancy (V), respectively’. The XPS
results agree with the STEM results about the O element. The presence of
V, is crucial for the synaptic performance of the multifunctional monolithic
devices.

Function as both photodetector and synaptic device
Carrier transport diagrams presented in Fig. 2a—e offer an in-depth eluci-
dation of the working mechanisms underlying the two devices. When device
A is exposed to light, photogenerated carriers (electrons and holes) are
generated (Fig. 2a, ¢), which are subsequently separated by the electric field
established at the interface between the nanowire and the Ti/Au electrode. For
device B, the integration of graphene introduces a heterojunction at the
interface between graphene and nanowire, expanding the width of the built-
in electric field (Fig. 2b, d). Moreover, it enhances the carrier transport rate,
leading to the more efficient collection of carriers. When device B is under
reverse bias, the internal defects are moved away from the space charge region
by the electric field (Fig. 2e). When the device is exposed to long-term light
conditions, the transport and recombination processes of charge carriers
occur with greater efficiency, thus exhibiting the characteristics of a PD
(Fig. 2d, ). Similarly, when device B is subjected to a positive bias voltage,
internal defects accumulate in the depletion region as a result of the influence
of the electric field”. When the device is illuminated, the defects capture the
charge carriers, resulting in slower transport and recombination of charge
carriers. Therefore, device B exhibits the synaptic characteristics (Fig. 2e, g).

Graphene, characterized by high carrier mobility and UV transpar-
ency, readily forms van der Waals heterojunctions (vdWH) because its
surface lacks dangling bonds'. Compared to other structural devices,
heterojunction-based devices exhibit superior performance with a built-in
electric field at the heterojunction interface, which facilitates the separation
and transport of light-induced charge carriers”. As a PD, the absolute value
of photocurrent of device B is much higher than that of device A (Fig. 2fand
Fig. S2). As a synaptic device, device B exhibits a larger EPSC than device A
when subjected to varying intervals and power densities of light pulses
(Fig. 2g, h). A similar phenomenon is also observed under varying light
power densities (Fig. S3). Hence, the introduction of graphene can increase
the performance for both photodetection and neuromorphic computing by
forming van der Waals heterojunction.

As shown in Figs. 3a-c and S3, the dynamic synaptic plasticity of device
B under light stimulation is systematically measured by applying a bias of
5V. As presented in the illustration of Fig. 3a, the intensity of the first
photoresponse (A, ) is markedly lower than that of the second photoresponse
(A,). This phenomenon can be attributed to the fact that the current induced
by the initial optical pulse does not completely return to the baseline before
the second pulse occurs. This residual current combines with the current
generated from the second pulse, creating a cumulative effect resembling the
phenomenon of PPF observed in biological synapses. In addition, pulse
interval time plays a critical role in amplifying the EPSC. The extracted PPF
index is calculated and fitted well using the following equations:
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Fig. 1 | Schematic diagrams of device preparation processes and digital recog-
nition. a Grow the (Al,Ga)N nanowires. b Transfer the nanowires onto the Si/SiO,
substrate. ¢ Ti/Au electrodes were prepared on both ends of the nanowire, com-
pleting the fabrication of device A. d Complete the preparation of device B by
transferring graphene and depositing metal electrodes. e Schematic diagram of the
ability of the neuro visual system to recognize images. Experimental
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characterization of material properties. f SEM images of the nanowires.

g Aberration-corrected scanning transmission electron microscopy (AC-STEM)
image and high-resolution energy-dispersive X-ray (EDX) mapping of the nanowire
top and bottom. h Distribution of the Ga, N, and O elements at the bottom of
nanowires. The XPS results of device B. XPS spectra of (i) Ga 3 d, (j) N 1 s and (k) O
1 s elements within (Al,Ga)N nanowires.

I and I, represent the intensities of the EPSC stimulated by the first and
second light pulses, respectively”. I, denotes the initial steady-state
photocurrent®. C; and C, are constants in the equation™. t represents
time. 7; and 7, refer to the fast and slow components of the photocurrent

response, respectively, corresponding to the different relaxation time
constants™. Specifically, 7, is associated with a rapid decrease in the
photocurrent. The decrease results from the recombination of charge
carriers, which is typically linked to inter-band transitions. On the other
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Fig. 2 | Comparison of optoelectronic performance of two devices. Top-view SEM
images and schematic diagrams (a) device A and (b) device B. Energy band diagrams
of (c) device A under illumination, (d) device B under negative bias and illumination,
(e) device B under positive bias and illumination. f Comparison of photogenerated

currents between devices A and B under negative bias, and the Raw Data is shown in
Fig. S2a. g The EPSC of devices A and B triggered by 20 light pulses under positive
bias, and the Raw Data is shown in Fig. S2b. h The extracted EPSC results of devices
A and B under illumination.

hand, 7, is related to a more gradual reduction in the photocurrent.
This slower process is attributed to the trapping of carriers, a phenomenon
often associates with transitions involving defects in a material®.
According to Fig. 3a and Eq. (2), 7; and 7, are calculated to be 0.01s
and 16.03 s, respectively. These findings suggest that the device is a
promising contender for emulating neural networks inspired by biological
systems.

The effects of the number, frequency and intensity of light stimulation
on synaptic plasticity are governed by distinct underlying mechanisms
known as SNDP, SFDP and SIDP”. Figure 3b shows the EPSC data
extracted from Fig. S4a-S4c. The magnitude of EPSC s negatively correlated
with the frequency of pulse stimulation. As the frequency of the light pulses
decreases, a corresponding enhancement in the EPSC can be observed. This
is attributed to the increased probability of neurotransmitter release and
receptor activation during longer light illumination times, leading to a more
potent excitatory response in postsynaptic neurons™. Similarly, the mag-
nitude of the EPSC exhibits a proportional increase in response to the
number of light pulses (Figs. 3¢ and S3d, S3e) because a greater number of
light pulses can augment the probability of neurotransmitter release, causing
amore significant influx of current during subsequent pulses”. Meanwhile,
the impact of high temperature on synaptic plasticity has been shown in
Fig. 3d, which is extracted from Fig. S5a. The EPSC declines with the
increase of operating temperature, yet the synaptic behavior remained. This

means that the device has the potential to simulate synaptic behavior in
some extreme environments. To evaluate the effect of the device at
different voltage amplitudes, the relationship between EPSC and voltage is
shown in Fig. 3e (EPSC data extracted from Fig. S5b). The results indicate
that the EPSC of the device increases with the increase of voltage, which is
consistent with those in Fig. 3b, ¢, indicating the enhancement of synaptic
ability. The characteristics of device B responding to different wavelengths
of light (0.25 mW cm™?) are shown in Fig. 3f (EPSC data extracted from
Fig. S5¢). It can be found that the response signal of the device is prominent
under deep-UV irradiation. The EPSC results are almost negligible in
the visible range, indicating the excellent wavelength selectivity. As illu-
strated in Table 1, among devices utilizing GaN nanowires, very few works
have been reported on the integration of photodetectors with synaptic
devices, whereas the UV/visible rejection ratio in this work is superior to
others without dual-functionality to some extent (Fig. 3f). Additionally, the
repetitive stimulation can activate more synaptic sites, leading to a larger
postsynaptic response. This enhancement in synaptic transmission reflects
the brain’s ability to adapt and strengthen connections based on activity
levels®.

In addition, our research delved into the remarkable capabilities of the
synapse device, particularly its proficiency in emulating the ‘learning-for-
getting-relearning’ cycle (Fig. 3g, h). This cycle closely parallels learning and
memory processes observed in the human brain*'. Notably, the device
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Fig. 3 | The synaptic plasticity and learning capacity of device B. a The PPF index
of device B. The inset shows an EPSC under stimuli by two light pulses. b The EPSC
of device B triggered by 20 light pulses at different light power densities and light

pulse frequencies. ¢ The EPSC of device B triggered by a 1 Hz frequency of light pulse

4 6
Time (s)

Pulse number (#)

with different light power densities and pulse numbers. The EPSC of device B
triggered by 20 light pulses at (d) different temperatures, (e) different voltage biases,
and (f) at different light wavelengths. g Schematic illustration and (h) experimental
results of the “learning-forgetting-relearning” processes.

exhibits sophisticated neural-like behavior by dynamically adjusting its
synaptic strengths, thereby mimicking the brain’s ability to learn new
information, gradually forgetting unused data and efficiently relearning
when necessary. To demonstrate the learning ability of the device more
intuitively, a schematic is plotted in Fig. 3g. Give the robot some time to learn
the word ‘SINANO’ (Process I). Then take a break for a period of time, and
the robot will forget the newly learned words (Process II). However, if

reviewed in a timely manner, the robot will quickly recall the words learned
(Process IIT). This phenomenon corresponds to the learning process of the
device (Fig. 3h, which illustrates that the synaptic weight (Aw) gradually
increases as the number of light pulses increases, mirroring the learning
mechanism of the human brain®. Initially, the synaptic weight increased
from 28.9 to 90.2% upon receiving the 19 light pulses. Following the phase of
memory lapse and relearning start, it is noted that the prior peak of synaptic
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Table 1 | Comparative analysis of this work and some other
recently reported works

Materials Photodetector/ Energy UV/visible Refs.
Synaptic device consumption rejection
integrated (10 "J) ratio

Graphene/ Yes/Yes 3.19 445 This

(Al,Ga)N NWs work

p-GaN/ Yes/Yes 22.5 / 2

(In,Ga)N NWs

GaN/Gay0s/ Yes/Yes 58.4 / 52

GaN NWs

GaN Film No/Yes 3.34 / 14

InAs NWs No/Yes 1.25 / 47

ZnO NWs No/Yes 1x10° / 48

SiNWs No/Yes 1x10% / 49

GaN NWs No/Yes 0.272 / 29

TiO, NWs No/Yes 13 / 50

(AlLGa)N NWs  Yes/No / 485 53

(ALGa)N NWs  Yes/No / 977 54

Pt/GaN NWs  Yes/No / 181 55

Pt/(Al,Ga) Yes/No / 144 56

N NWs

SnO, Yes/No / 3395 57

Nanosheets

a-Ga,03 Yes/No / 34 58

Nanorods

In,03 Yes/No / 1567 59

Nanosheets

weight (Aw) value is regained with just 15 light pulses, and the overall
synaptic weight level is relatively higher. Hence, in the subsequent learning
phase, a comparable cognitive level is attainable with fewer light pulses,
which opens new pathways for the advancement of artificial neural net-
works and brain-inspired computing technologies.

Underlying mechanism and low energy consumption

In order to better understand the working mechanism of synaptic devices,
the electric field analysis between nanowires and graphene is shown in
Fig. 4a—c. Specifically, Fig. 4a demonstrates the successful fabrication of
the single (ALGa)N nanowire/graphene heterostructure. Analyses of the
surface potential of the heterostructures, as measured by Kelvin probe
force microscopy (KPFM) in Fig. 4b, ¢, reveal that the average surface
potential of the (ALGa)N nanowire is approximately 11 mV higher than
that of graphene. Hence, there is a potential difference around the nanowires
covered by graphene, indicating that there is a built-in electric field at the
heterostructure surface with a direction pointing from nanowire to
graphene'*.

To elucidate the synaptic working mechanism of device B, the
energy band structure are presented in Fig. 4d-f. When device B is irrita-
ted by the first light pulse, the photogenerated carriers are separated
owing to the built-in electric field and subsequently collected under a bias
(Fig. 4d). A portion of the photogenerated holes are captured by the oxygen
vacancies (V), thereby forming quite stable V3" complexes by the
equation:

Vo +2ht — V3 (3)

These complexes hinder the recombination of electron-hole (e-h)
pairs, causing a significant number of the photogenerated electrons
remaining within the conduction band after light off (Fig. 4e)”’. Subse-
quently, when the system is exposed to the second light pulse (Fig. 4f), an

increased number of photogenerated electrons and holes are accumulated
by the electrodes. This accumulation leads to a higher current output than
that of the previous one. This progressive increase in current with successive
light stimulation mimics the behavior of synaptic plasticity, which is a
fundamental attribute of synaptic devices.

The neural processing system that mimics human vision has sig-
nificant advantages in low energy consumption*. Consequently, the energy
consumption (E) is a crucial parameter for assessing the performance of
synaptic devices, which can be quantitatively evaluated utilizing the sub-
sequent equation®”;

E= / "V e 4)

ty

to and t; represent the durations of the light being turned on and
off, respectively. V is the working voltage and I is the response current of the
device®. Asillustrated in Fig. S6a, E is quantified as 3.19 x 107" by Eq. (4),
where the pulse width and voltage are 0.5 s and 5V, respectively. Relative
to synaptic devices constructed from GaN materials or nanowire
architectures'***~, the featured synaptic devices demonstrate significantly
reduced energy consumption (Table 1). Furthermore, the EPSC of device B
exhibits a consistent increase following light stimulation (Fig. S6b). After
being subjected to approximately 10° light pulses, the device holds a
stable photocurrent with negligible fluctuations. This stability, which is
sustained even after prolonged stimulation, revealing the robustness
and reliability of the device during operation. Furthermore, such steadiness
in response to extended light exposure highlights the synaptic resilience
and potential for continuous stimulatory conditions and long-term
applications.

Multifunctional nano-device for neuromorphic computing and
imaging

Figure 5a shows the process of visual perception and image processing from
initial input to brain interpretation, illustrating the journey of visual infor-
mation from a pixelated image through the eye to the brain. A green beam
represents light entering the eye, which is then transmitted via the optic
nerve to the brain. As a conceptual demonstration aimed at mimicking the
sensory and pre-processing functions of the human retina, a synaptic device
based on (ALGa)N nanowire/graphene heterojunction can be configured
into an 8 x 8 array, effectively employed for image noise suppression and
contrast enhancement (Fig. 5b). After being processed by the array, the
image will be utilized for further computations within a specifically designed
artificial neural network (ANN). This ANN is trained using a dataset
comprising 10,000 images of Arabic numerals ranging from 0 to 9, con-
sisting of 64 input neurons, 20 hidden neurons and 10 output neurons’".
Each image in this dataset undergoes the superposition of stochastic
background noise generated from light signals of varying intensities. To
ensure the uniformity across the dataset, these intensities are normalized to
fall within a range of 0 to 0.5, thereby maintaining consistent noise levels
throughout the training process of the artificial neuromorphic vision sys-
tem. The correlation between the output current and the input light
intensity of device A and device B is depicted through a fitted curve (Fig. S7).
The entire system, encompassing both the preprocessing and recognition
processes, relies on the integration of synaptic device array with the ANN
architecture.

Compare with that of device A (Fig. 5¢), the pre-processing of device B
array significantly enhances the main characteristics of the output images by
substantially reducing the background noise. Relative to the original input
image, the enhanced image contrast underscores the efficacy of device B
array in preliminary image processing tasks. This improvement facilitates a
more discernible visualization, emphasizing the array’s role in optimizing
visual outputs prior to further processing steps. Furthermore, the artificial
neuromorphic vision system demonstrates outstanding capabilities in noise
reduction and main characteristics enhancement across kinds of noise levels
(Fig. 5d and Fig. S8). The data reveal that the rate of improvement in image
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recognition escalates with increasing background noise levels, signifying
that the noise of device reduction efficacy improves under the higher noise
conditions. These findings indicate that by preprocessing images with our
device, it is possible to achieve the enhanced feature extraction, improved
recognition accuracy and increased recognition speed with low energy
consumption.

It is evident that the recognition accuracy (more than 90% after 100
training cycles) for pre-processed images by device B is significantly higher
than those for pre-processed images by device A and noise images (Fig. 5e).
This observation suggests that the pre-processing step enhances the ability
of network to extract and interpret relevant features from the input data,
thereby improving the overall classification performance. Figure 5f presents
the confusion matrix that quantifies the accuracy of image recognition both
prior to and subsequent to the application of noise reduction techniques.
The data indicate that upon implementing noise reduction, there is a con-
fluence between the predicted outcomes (as represented by the elements of
each row) and the actual target outcomes (as denoted by the elements of
each column). This alignment suggests that the classification system accu-
rately identifies each numeral from 0 through 9, demonstrating enhanced
recognition performance post-noise reduction.

Conclusion

In conclusion, a multifunctional monolithic nano-device constructed from
a single (AL,Ga)N nanowire/graphene heterojunction is demonstrated for
photodetection and simulation of biological synapses successfully. Thanks
to the introduction of nanowire/graphene heterojunctions, the built-in
electric field range is expanded, causing an effective increase in photocurrent
compared to that of only a single (Al,Ga)N nanowire. This nano-device has
the low-energy-consumption characteristic and the significant advantages
in neural morphological network computing and recognition. Furthermore,

by exploiting the synaptic plasticity (SNDP, SEDP and SIDP) of the device,
neuro-visual sensing processes for image recognition and retention can be
emulated. Compared to the device with only single (Al,Ga)N nanowire
and non-preprocessed data, the device with nanowire/graphene hetero-
junction demonstrates a significant enhancement in image recognition
accuracy (>90%) and computational efficiency through the implementation
of preprocessing techniques. This improvement highlights the efficacy of
neuromorphic preprocessing in optimizing the visual information for
subsequent analyses. The integration of sensing, memory and preprocessing
multifunctionalities within a single device represents a new approach
towards more efficient neuromorphic computing architectures, potentially
enabling more compact and energy-efficient artificial visual processing
systems.

Methods

The (ALGa)N nanowires are grown on the SiI substrate (Fig. 1a). They were
transferred onto the top surface of 280 nm SiO, layer under a stereoscopic
microscope (Fig. 1b), which was on an external Si II substrate. Before the
transfer of nanowires, several cross marks were prepared on the SiO, layer
via photolithography. Then scanning electron microscopy (SEM) was
employed to ascertain the precise site of a single nanowire utilizing cross
marks for reference. Subsequently, electrode patterns were formed at both
ends of a single nanowire using electron beam lithography (EBL). Ti/Au
metal electrodes were subsequently fabricated at both ends of the nanowire
using electron beam evaporation and exfoliation processes, completing the
preparation of device A (Fig. 1c, Table 2). Unlike device A, the process of
preparing device B requires an additional step of transferring graphene
before depositing metal (Fig. 1d). More details about the epitaxial growth
and measurements are shown in Section 1 (Supplementary Notes) in Sup-
plementary Information.
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Fig. 5 | Artificial neuromorphic vision system and simulated image recognition
employing the artificial synaptic devices. a Schematically illustrate the initial visual
perception and image processing pathway from the input of an image to its cerebral
interpretation. b A schematic diagram of an image pre-processed system that
incorporates an artificial synaptic device for initial image processing, followed by an
ANN for image recognition. ¢ Demonstrate the noise reduction achieved using
device A and device B. d Numeral images with and without image pre-processing

across different levels of background noise (0.2, 0.4, 0.7 and 0.9). Output A and
output B correspond to device A and device B, respectively. e Quantify the recog-
nition accuracy of training images, comparing conditions with and without the use
of the as-prepared artificial synapse under a background noise level of 0.5.

f Confusion matrix based on the training results with and without image pre-
processing.
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Table 2 | List of the devices utilized in this study

Sample Material
Device A Single (Al,Ga)N nanowire
Device B Single (Al,Ga)N nanowire + graphene

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Code availability
The codes that support the findings of this study are available from the
corresponding author upon reasonable request.
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