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Abstract Owing to the inherent discrepancy between the transient photoresponse speeds of photodetectors and artificial
synapses, the integration of these elements into a single monolithic device poses notable challenges. Herein, we propose a
bifunctional monolithic transparent device based on lifted-off (In,Ga)N nanowires. This device not only shows omnidirectional
self-driven photodetection but also effectively functions as an artificial synapse in neuromorphic computing. The proposed
device exhibits persistent photoconductivity under bias voltage and fast photoresponse without bias voltage, corresponding
to the operational modes of artificial synapses and self-driven photodetectors, respectively. As a photodetector, the device
exhibits omnidirectional detection, particularly owing to its transparency. As an artificial synapse, the device realizes various
synaptic behaviors with ultrahigh paired-pulse-facilitation index and low energy consumption. Furthermore, an artificial
neural network assembled using the proposed device exhibits a pattern recognition accuracy of 92%. The findings of the
present study contribute to the advancement of omnidirectional self-driven detection and efficient neuromorphic computing.
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1 Introduction

Photodetectors have become an indispensable part of our daily lives, serving as critical optoelectronic
components in modern sensing, communication, and imaging systems [1-7]. However, the detection range
of traditional photodetectors is 180°, necessitating the use of multiple devices to achieve omnidirectional
detection [8]. Hence, detectors with omnidirectional light detection capabilities are required for next-
generation applications, which can be realized in highly transparent devices. However, because of the
limitations of opaque semiconducting materials or substrates, the fabrication of photodetectors with high
transparency and omnidirectional (360°) light detection remains a challenging task.

The human brain can extract and process massive data simultaneously. Inspired by the human brain,
neuromorphic computing has been proposed to mimic the operation of the nervous system [9,10], ar-
tificial synaptic devices, which can convert sensor signals into neural-like signals, hold great potential
for advancing artificial intelligence and human-computer interactions [11,12]. The integration of artifi-
cial synapses and photodetectors into a single device could significantly simplify supporting systems and
greatly expand application scenarios. However, this integration faces a fundamental challenge: synaptic
devices require longer times for signal processing and storage, whereas photodetectors typically show
rapid light response capabilities [13,14]. This inherent discrepancy in their light response speeds makes
it highly challenging to fabricate a single monolithic device integrating the two.

GaN-based materials exhibit tunable bandgaps, non-toxicity, and low power consumption, making
them highly suitable for a wide range of optoelectronic applications [15]. Compared with bulk materials,
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(In,Ga)N nanowires (NWs) exhibit higher surface-to-volume ratio and transparency in the visible spec-
trum [16-18]. In our previous studies, we successfully fabricated (In,Ga)N NWs and applied them in
photodetectors [19,20]. However, to date, the integration of omnidirectional photodetection and artificial
synaptic functionality into a single bifunctional device based on (In,Ga)N NWs has not been reported.

Herein, we introduce a bifunctional monolithic transparent device that utilizes lifted-off (In,Ga)N NWs
to realize both neuromorphic computing and omnidirectional self-driven photodetection. The device
switches between these two modes through the modulation of the bias voltage, exhibiting persistent pho-
toconductivity (PPC) and a rapid photoresponse. To evaluate the neuromorphic computing capabilities
of the device, we constructed an artificial neural network for visual pattern recognition. By overcom-
ing the technical difficulties of the integration of a photodetector with a synaptic device, the proposed
device is expected to promote the development of intelligent neuromorphic computing and self-driven
photodetection.

2 Experiments and methods

2.1 Preparation of (In,Ga)N NWs

To prepare materials required for the fabrication of the bifunctional device shown in Figure 1(a), (In,Ga)N
NWs were grown on an n-type Si (111) substrate using a Veeco GEN20A molecular beam epitaxy system.
This instrument is equipped with Al, Ga, and In effusion cells, and an N plasma source. Prior to NW
growth, the Si substrate was heated to approximately 900°C for 15 min in the growth chamber to remove
the surface oxide layer. After that, an AIN sacrificial layer with a thickness of 3 nm was grown at 830°C
on the substrate. Subsequently, bottom GaN NWs were grown for 70 min at a Ga flux of approximately
4.0 x 107® Torr. Then, the substrate temperature was reduced to 630°C for the growth of (In,Ga)N
segments, performed at an In/Ga flux ratio of 1.0. During the growth process, the sample was rotated
at a speed of 120°/s to improve the uniformity of the NWs.

2.2 Fabrication procedure of bifunctional device

To prepare the transparent device, the opaque Si substrate had to be removed. The first step involved
cutting the grown sample into small slices. Next, the sacrificial AIN layer was electrochemically etched
in a 2 mol/L. HNOj3 solution to detach the NWs from the Si substrate (Figures Al(a) and (b)). Electro-
chemical etching was performed using an H-cell setup. As shown in Figure Al(c), the lifted-off NWs were
transferred onto I'TO glass, which served as the bottom electrode of the device. Subsequently, a 400-nm
SiO4 layer was deposited on the upper surface of the NWs via chemical vapor deposition. A region of
the SiO2 layer was then removed through lithography and reactive ion etching to expose a portion of
the (In,Ga)N NWs (Figure Al(d)). Subsequently, a patterned Ag electrode was attached to the SiO,
layer (Figure Al(e)). Finally, a piece of graphene was transferred onto the sample, completing device
fabrication (Figure A1(f)). The effective light-receiving area of the device was 0.1256 cm?.

2.3 Characterization and measurements

The NWs were observed using scanning electron microscopy (SEM; S-4800, HITACHI) at 3 kV. Spher-
ical aberration-corrected scanning transmission electron microscopy (AC-STEM; Themis Z, FEI) was
employed to characterize the morphologies, elemental distribution, and atomic arrangement of the NWs,
which were prepared by focused ion beam (Scios, FEI). The chemical states and atomic binding were
characterized through X-ray photoelectron spectroscopy (XPS). The transmittance of the device was
measured using spectrophotometry (LAMBDA 750). A room-temperature photoluminescence test was
performed using a 325 nm laser (LABRAM HR).

3 Results and discussion

3.1 Design of bifunctional monolithic transparent device

The synaptic device exhibits PPC under bias, but the photocurrent of the photodetector quickly returns
to the initial value in the absence of bias. This implies that the bifunctional device should demon-
strate two distinct photoresponse states under different conditions (Figure 1(a)). At the bias voltage of
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Figure 1 (Color online) (a) Schematic of the bifunctional device exhibiting photodetector and artificial synapse functionalities.
(b) Top-view and side-view SEM images of vertical (In,Ga)N NWs. (c) Side-view AC-STEM image of an (In,Ga)N NW. The
white scale bar represents 100 nm. (d) High-resolution energy dispersive X-ray elemental maps of the (In,Ga)N NW. (1) and (2)
regions in (d) correspond to those in (c). (e) O 1s XPS spectra of (In,Ga)N NWs. Energy-band diagrams of heterostructure under
illumination (f) without and (g) with applied bias voltage.

0 V, the photovoltaic effect of the (In,Ga)N/GaN heterojunction produces a rapid photoresponse under
illumination, enabling self-driven functionality. At the same time, under bias voltage and ultraviolet
illumination, carriers are effectively separated and then injected into oxygen vacancies, causing their
ionization and positive charging, thereby inducing the PPC effect (synaptic plasticity) [21-23].

The dense (In,Ga)N NWs (Figure 1(b)) are vertically aligned and have a height of ~600 nm. Figures
1(c) and (d) show the presence of In in the upper segment of NWs, which is consistent with the device
design. Additionally, Figure 1(d) reveals the presence of O on the NW surface. As the photoluminescence
spectrum features a peak at ~590 nm (Figure A2), the In content was estimated at ~36% according to
the Vegard law [15]. The XPS spectrum in Figure 1(e) shows the presence of oxygen vacancies (Vo)
on the NW surface. These vacancies could be the primary factor triggering the PPC effect [24, 25].
To investigate carrier transport, energy-band diagrams were plotted (Figures 1(f) and (g)). When the
(In,Ga)N/GaN heterojunction is illuminated with 365 nm light (Figures 1(f) and (g)), both (In,Ga)N
and GaN absorb photons, resulting in the excitation photogenerated carriers-electrons and holes [26].
These photogenerated carriers are separated owing to the internal electric field in the (In,Ga)N/GaN
heterojunction, thereby generating photocurrent and producing a significant photovoltaic effect [27-29].
This behavior could contribute to the self-driven functionality of the device. At the same time, under
365 nm illumination and an electric field, Vo in both (In,Ga)N and GaN undergo ionization (Figure
1(g)), producing electrons and ionized oxygen vacancies (Vo?'). Guided by the electric field, these
electrons migrate toward the heterointerface, thereby reducing the energy barrier and weakening the
photocurrent response [30,31]. After illumination, Vo®T and electrons do not immediately recombine
[32]. Consequently, the device exhibits gradual photocurrent decay, making it suitable for use as a
synaptic device. Hence, the functionality of the monolithic device can be effectively switched between a
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Figure 2 (Color online) (a) Schematic of the bifunctional device operating as a photodetector at 0 V. (b) The transient pho-
toresponse curves of the device under incident light of various wavelengths. (¢) Responsivity of the photodetector under different
wavelengths of incident light. (d) Current density as a function of incident light intensity. (e) Transmissivity of the lifted-off
(In,Ga)N NWs. (f) (1) Image capture through the lifted-off (In,Ga)N NWs. (2) Left image: a photograph of the object. Right
image: a photograph captured through the lifted-off (In,Ga)N NWs. (g) Schematic of the method used to investigate omnidirec-
tional detection. (h) Relative responsivity of the omnidirectional photodetector with different rotation angles along Direction 1
and Direction 2.

photodetector and a synaptic device through the application of bias voltage.

3.2 360° omnidirectional detection

To assess the performance of the device in the detector mode (Figure 2(a)), we measured the tran-
sient photoresponse curves and responsivity of the device under incident light of various wavelengths at
0 V (Figure 2(b)). The response current at 365 nm was measured under an incident light intensity of
25.6 mW /cm?. The responsivity (R) was calculated as the follows [33-35]:

Iyw = Dighe — Taark, (1)
Jph = Iph/Sa (2)
R= Jph/an (3)

where lgnt and Igark represent the current with and without irradiation, respectively; Iy is photocurrent,
Jph is the photocurrent density; S is the effective area of the device (0.1256 cmz); and P, is the incident
light intensity. To ensure measurement accuracy, each responsivity was measured three times. Figure
2(c) shows the average photoresponsivities with the corresponding error bars. The highest responsivity
is 233 pA/W at 365 nm. As shown in Figure A3, the photocurrent density increases with the incident
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Figure 3 (Color online) (a) Schematic of the bifunctional device acting as the biological synapse. (b) EPSC of the synaptic
device under illumination with two consecutive light pulses. (c) PPF index as a function of the light pulse interval (tos). EPSC of
the synaptic device under illumination of (d) different numbers and (e) different densities of light pulses. The light wavelength is
365 nm.

light intensity. The relationship between the steady-state photocurrent and the incident light intensity
was fitted using the following equation (Figure 2(d)) [33, 36]:

JphOZ i%ca (4)

where « is a factor determining the photocurrent response to light intensity; J,n is the photocurrent
density; and Py, is the incident light intensity. The fitted « value for this device is 0.68, which is close
to the ideal value. With the increase in light intensity, the photocurrent density gradually saturates.
Transparency is an important parameter of photodetectors because the invisibility or quasi-invisibility
of the detector can provide many novel functionalities [17,37]. The lifted-off (In,Ga)N NWs exhibit
remarkable transmittance in the visible range, with the maximum transmissivity exceeding 80% (Figure
2(e)). To visually illustrate the transparency of the prepared (In,Ga)N NWs, we took photographs
through them (Figure 2(f)). High transparency enables the photodetector to exhibit omnidirectional
detection, that is, to detect light from all angles [36,38]. To illustrate this capability, we measured the
response of the device to incident light from different angles. In Figure 2(g), “Direction 1”7 and “Direction
2”7 are two perpendicular detection paths. The responsivity was measured thrice every 45°. Figure 2(h)
presents the average responsivity at each angle, along with the corresponding error bars. The responsivity
initially increases with the increase in incidence angle from 0° to 90° and decreases to the initial value
with the further increase in angle to 180°. Notably, the responsivity trend in the rear 180° mirrors that
in the front 180°. This angle-dependent photoresponse is invaluable for the swift determination of the
direction of incident light.

3.3 Synaptic device and neuromorphic computing

In biological neural networks, synapses comprising presynaptic membranes, synaptic clefts, and postsy-
naptic membranes facilitate information transmission between adjacent neurons (Figure 3(a)) [39]. Upon
the stimulation of the presynaptic neuron, the presynaptic membrane releases neurotransmitters into
the synaptic cleft [40,41]. These neurotransmitters then diffuse toward the postsynaptic membrane and
bind to receptors, triggering excitatory postsynaptic current (EPSC). Neurotransmitters play a role in
information transmission, and the magnitude of EPSC is governed by the synaptic weight [42]. This
mechanism is fundamental for the transmission, processing, and storage of information within the bio-
logical nervous system, serving as a cornerstone of synaptic function [43-45]. Our bifunctional device
was used to imitate the operation of biological synapses, with the transport of photogenerated carriers
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under illumination simulating the transport of neurotransmitters in biological neural networks. Based on
the PPC behavior exhibited by the device when a 2 V bias voltage is applied, we systematically investi-
gate its performance as an artificial synapse. Paired pulse facilitation (PPF) refers to the phenomenon
where the EPSC excited by the second pulse is greater than that of the first pulse, which is a typical
behavior of short-term plasticity (STP) [46]. Figure 3(b) shows the EPSC phenomenon induced by a
pair of continuous light pulses with an interval of 0.05 s. The peak of EPSC responding to the second
pulse (As) is significantly greater than that responding to the first pulse (A1), indicating the typical PPF
phenomenon. This is because the carriers generated by the first light pulse have not been fully collected
by the electrode before the arrival of the second light pulse, resulting in more carriers in the device when
the second light pulse is applied. The PPF index (Qppr) is used to quantify the PPF behavior, which is
defined as follows [47]:

Qprpr = Az /Ay, (5)

To To
Qppr = C exp <—T—H) + Cyexp <—T—j> + Yo, (6)

1

where 71 and 7o are the characteristic relaxation times for fast and slow processes, respectively, and
Cy and Cs are their facilitation amplitudes, respectively [48]. As the critical value increases from 0.04
to 0.5 s, the PPF index value decreases from 172% to 115% (Figure 3(c)). Using (6), the values of 7
and 7o are derived to be 0.06 and 5.25 s, respectively, corresponding to fast and slow decay processes.
The difference between slow and fast PPF decay can be considered as biological synaptic connectivity
enhancement [49-51]. Thus, artificial synaptic devices based on (In,Ga)N NWs have the ability to mimic
biological synapses. In the field of brain-like devices, energy consumption (F) is a crucial parameter, and
its specific calculation is based on the following equation [52]:

ty
E = peakXVXtdZ/ V- I(t)dt, (7)
to

where I,eax is the maximum EPSC, and V is the bias voltage (2 V); time points ¢ and ¢1 represent
the beginning and end of the light irradiation, respectively; the duration (¢4) between tg and ¢; is the
pulse length (0.5 s); and I is the current generated in response to light irradiation. Calculations yield
the energy consumption of only 9.52 x 107!2 J under light irradiation (Figure 3(b)). As summarized in
Table 1 [13,20,53-65], the fabricated device exhibits excellent synaptic performance, with a high PPF
and low energy consumption compared to previously reported synaptic devices based on GaN and other
materials. In biological neural networks, repeated synaptic stimulation leads to an increase in synaptic
weight, causing a transition from short-term plasticity to long-term plasticity [30,66]. As the number
of light pulses increases, the photocurrent progressively decays, stabilizing at a higher level relative to
the initial state (Figure 3(d)). Similarly, an increase in the light intensity amplifies the photocurrent
response and extends its decay (Figure 3(e)). To further analyze the decay patterns, we combined the
curves in Figures 3(d) and (e) (Figures A4(a) and (b)). The resulting graphs show slower decay at a
greater number of light pulses or higher illumination intensity. Consequently, synaptic memory levels in
the proposed device can be modulated by adjusting the frequency and intensity of light pulses, thereby
simulating both short-term plasticity and long-term plasticity.

To assess its practical applicability, we used the bifunctional device to simulate the neural network us-
ing instructions in NeuroSimV3.0.58 for pattern recognition (Figure 4(a)). The neural network employs
a three-layer perceptual neural model, utilizing supervised learning with backpropagation and stochastic
gradient descent algorithms [14]. Handwritten numbers were obtained from the Modified National In-
stitute of Standards and Technology (MNIST) database and divided into 28 x 28 pixels, corresponding
to 784 input neurons [42]. The hidden layer comprised 100 neurons, and the output layer contained 10
neurons representing numbers 0 to 9 [67]. As shown in Figure 4(b), simulated memristors were used as
synaptic weights in the neural network. Pattern recognition was performed by adjusting these synaptic
weights within the memristor array. Through computation, these synaptic weights are ultimately pre-
served. They are determined based on the conductance data of various enhancement and inhibition states
(Figure 4(c)) using the following equations:

Grrp = B (1 % ) 4 Guins (8)

— Pmax

Grrp = -8B (1 — o7 )) + Gmax, 9)
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Table 1 Energy consumption comparison among this work and some other recently reported synaptic devices.

Materials PPF index (%) Energy consumption (pJ) Dual functions Ref.
(In,Ga)N/GaN NWs 172 9.52 Yes This work
(AL,Ga)N NWs 166 0.558 - (53]
GaN NWs 150 2.72 - [54]
Si-doped/GaN 160 33.4 - [55]
GaN MWs 108 500 - 56]
GaN/Gas O3 144 584 Yes [13]
GaN NWs 130 300000 - [57]
(Al,Ga)N NWs 202 2600000 - [20]
GaN/a-InaSes 115 - - [58]
OIHP/(Al,Ga)N 160 - - [59]
MoS3 /h-BN 160 28 - [60]
CNTs 165 - Yes [61]
InyO3/Zn0O 145 70000 - [62]
ZTO 136 - - (63]
MoS5/SiOs 190 66.5 - [64]
AlO, 190 361 Yes [65]
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Figure 4 (Color online) (a) Schematic of pattern recognition using an artificial neural network with 784 x 100 x 10 elements;

(b) block diagram of the circuit implemented using hardware; (c) the experimental data and fitted curves of LTP/LTD charac-
teristics triggered by light pulses; (d) recognition results of the randomly selected handwritten digits from the MNIST database;
(e) recognition accuracy as a function of training epoch; (f) confusion matrix for the artificial synapse after 40 training epochs.

Gmax - Gmin
B = (*Pmax) ) (10)
1—el7a
Gn - Gmin
G(norm = Wa (11)

where Grrp and Grrp represent conductance values corresponding to long-term potentiation (LTP)
and long-term depression (LTD), respectively. The data for LTP and LTD are presented in Figure A5.
Gmax, Gmin, and Ppax are the maximum conductivity, minimum conductivity, and the corresponding
number of pulses, respectively, derived from experimental data. Parameter A regulates the weighting
of nonlinear behavior. Gporm represents the conductance value after normalization, and G,, denotes the
conductance value in the current state [43,51]. Herein, Ppax is 40. In Figure 4(c), the value of A in the
fitted curve for LTP is 0.12, and in that for LTD is —0.14. B is a function of the fitted A, comprising
1.0002 in the fitted curve for LTP and —7.9x10~% in that for LTD. Simulated artificial neural network
learning was executed using the MNIST database (Figure 4(d)), with 20 samples randomly selected. The
majority of numbers could be accurately recognized. Figure 4(e) shows the recognition results for 10000
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samples. The recognition rate of the simulated network reaches 92% after 40 training sessions. After
5 training sessions, the recognition rate is over 90%. According to the confusion matrix in Figure 4(f),
the recognition accuracy remains in the range between 90.5% and 92.5%, indicating excellent stability.
Leveraging the low-power demand of synaptic devices, the reduction in the number of training sessions
can notably reduce energy consumption during supervised learning.

4 Conclusion

Herein, we developed a transparent device integrating omnidirectional photodetection and synaptic func-
tionalities based on lifted-off (In,Ga)N NWs. The functionality of this device could be switched by mod-
ulating the bias voltage. In the absence of bias voltage, the bifunctional monolithic device functioned as
a self-driven photodetector because of the photovoltaic effect of the (In,Ga)N/GaN heterojunction under
illumination. The combined stimulation with bias voltage and illumination promoted the ionization of
Vo into Vo?T in the NWs, leading to PPC and thereby enabling the device to exhibit synaptic behavior.
The device was used to simulate an artificial neural network, showing >92% accuracy in handwritten
digit recognition. Therefore, the proposed integration strategy and the fabricated device are expected
to contribute to the advancement of multifunctional devices, such as next-generation photodetectors and
artificial synapses, with potential applications in communication and artificial intelligence.
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