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Abstract: In the era of accelerated development in artificial intelligence as well as explosive growth of information and data
throughput, underlying hardware devices that can integrate perception and memory while simultaneously offering the bene-
fits of low power consumption and high transmission rates are particularly valuable. Neuromorphic devices inspired by the
human brain are considered to be one of the most promising successors to the efficient in-sensory process. In this paper, a
homojunction-based multi-functional optoelectronic synapse (MFOS) is proposed and testified. It enables a series of basic electri-
cal synaptic plasticity, including paired-pulse facilitation/depression (PPF/PPD) and long-term promotion/depression (LTP/LTD).
In addition, the synaptic behaviors induced by electrical signals could be instead achieved through optical signals, where its sen-
sitivity to optical frequency allows the MFOS to simulate high-pass filtering applications in situ and the perception capability
integrated into memory endows it with the information acquisition and processing functions as a visual system. Meanwhile,
the MFOS exhibits its performances of associative learning and logic gates following the illumination with two different wave-
lengths. As a result, the proposed MFOS offers a solution for the realization of intelligent visual system and bionic electronic
eye, and will provide more diverse application scenarios for future neuromorphic computing.
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1. Introduction

Artificial intelligence and the Internet of Things have grad-
ually developed and grown with the advancement of technol-
ogy, and are now taking shape on a massive scale. However,
compared to the software and algorithms, the progression of
underlying hardware devices suffers from a non-negligible
lagl'-3l. The von Neumann architecture and computing
paradigm, which separate the memory and computation, is
running out of steam as Moore's Law tends to the end. It
makes traditional hardware systems unable to meet the
increasing demands on power consumption and efficien-
cy 5. With the emergence of brain-like neuromorphic
devices, the technical barrier of discrete functional units men-
tioned above seems to be overcome. In biology, approxi-
mately 86 billion neurons and 10> synapses are distributed
throughout the brain and connected to form an extremely
vast and complicated biological neural network®-8], Neural net-
works empower the brain to learn and process information effi-
ciently, thereby enabling the interaction between organisms
and the external environment at very low power consump-
tion and supporting the human functions related to percep-
tion and memory®-1", Given that 80% of the external informa-
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tion received by the brain comes from the eyes, the implemen-
tation of an artificial visual system seems to be necessary,
which inspires the exploitation of bionic visual systems
through electronic devices for future artificial visual comput-
ingl12-131,

However, traditional bionic visual systems consist of
image sensors and artificial synaptic devices. In sensor-rich
applications including intelligent vehicles, static or dynamic
video analysis, and micro-robots, the massive amount of raw
data collected locally by the sensing terminal must be trans-
ferred to local storage and computing units or cloud-based sys-
tems, where the inevitable data migration will lead to high
power consumption, low processing speed, wide communica-
tion bandwidth, and even low security!’#-16l. Some optoelec-
tronic devices have been developed to solve the above
issues and implement a wide variety of functions in many
directions, such as bionic visual receptors!'’: 18], filters!'9 20,
image recognition(2!. 221, polarization-sensitive neuromorphic
behavior23], and motion tracking?* 23, and they offer excel-
lent performance and the ability to implement the correspond-
ing applications outstandingly. While most devices can only
handle a single task and little exploration of multiple func-
tions has been carried out, which greatly limits the potential
of the device and the range of its applications. Therefore, it is
urgent to explore a perception-memory integrated device for
multi-functional processing(26:27],

Herein, a homojunction-based multi-functional optoelec-
tronic synapse (MFOS) fabricated by magnetron sputtering is
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prepared and verified. Top electrode Al, intermediate dielec-
tric layer of oxygen-deficient and oxygen-rich gallium oxide
(Ga,03(0D)/Ga,03(0R)) and bottom electrode ITO are stacked
to form a vertical device for implementing electrical and opti-
cal synaptic behavior as well as superior optical application.
The MFOS realizes basic synaptic functions, including paired-
pulse facilitation/depression (PPF/PPD) and long-term promo-
tion/depression (LTP/LTD). Immediately afterward, similar
synaptic behaviors are recapitulated with the induction of
light signals. Based on the sensitivity of MFOS to optical fre-
quency, the application of high-pass filters can be completed.
Meanwhile, the changing light signals are applied to verify
the perception-memory integrated visual system. Moreover, a
classic example of associative learning of Pavlovian condition-
ing reflex experience is realized under co-modulation with
dual-band wavelength illumination. Similarly, the logic gate
of IMP is finally implemented with the read voltage switches
to the positive. In brief, the all-in-one optoelectronic devices
are expected to improve the perception and processing effi-
ciency of the artificial visual system and enrich the applica-
tion scenarios for future neuromorphic computing.

2. Experimental section

2.1. Materials

ITO-coated glass substrates were purchased from
Yingkou OPV Tech New Energy Co., Ltd. The commercially
Ga,0; target (99.999%) was purchased from Beijing
Zhongnuo Advanced Materials Technology Co., Ltd.

2.2. Fabrication of the MFOS

The optoelectronic synapse was fabricated on a transpar-
ent glass substrate covered with ITO. Before deposition, the
substrate was cleaned ultrasonically in the sequence of ace-
tone, ethanol, and deionized (DI) water. And the ITO sub-
strate was positioned in the vacuum sputtering chamber to
deposit the Ga,03(0OD) and Ga,05(OR) film in order by the RF
magnetron sputtering process. The pressure was initially con-
trolled at 3.6 x 103 Pa and then increased to 1 Pa by introduc-
ing argon gas at a flow rate of 20 sccm. The operating power
was always set at 80 W. After sputtering for 30 min, the oxy-
gen gas at a flow rate of 5 sccm was fed into the vacuum
sputtering chamber and the flow rate of argon gas was
changed to 15 sccm. Sputtering for another 30 min, the
ITO/Ga,05(0D)/Ga,03(0R) was prepared. Finally, top Al elec-
trodes with a diameter of 400 um were deposited via direct-
current  magnetron  sputtering to complete the
ITO/Ga,05(0D)/Ga,03(0OR)/Al-based device.

2.3. Characterization and measurement

The cross-sectional image of the MFOS was taken using
the field-emission SEM and EDS (Regulus-8100, Hitachi,
Japan). The crystalline structures of the Ga,03;(OD) and
Ga,05(0R) are analyzed by an XRD (Bruker D8 Advance). XPS
(AXIS SUPRA, Kratos) was carried out to confirm the chemical
composition and the position of their valence band of the
Ga,03(0OD) and Ga,03(0OR) films. UPS (1UPSHel light source
(21.22 eV)) was carried out to ensure the position of their
fermi level. The absorbance spectra of the film were mea-
sured by a UV-vis spectrophotometer (EVOLUTION 201,
Thermo Scientific Corporation). The electrical performance
and synaptic functions of MFOS were performed on semicon-

ductor parameter analyzers (Keithley 2602B and B1500A) con-
nected to a probe station in ambient conditions. The ultravio-
let (UV) LED light sources (254 + 10 and 365 + 10 nm) were
used during the light-induced measurements. The UV pulses
were generated by a function generator (SPF80, Nanjing
Shengpu instrument) and the UV light intensity was cali-
brated by a UV LIGHT METER (PM100USB, THORLABS).

3. Results and discussion

3.1. Device characterization and analysis

As illustrated in the schematic diagram of Fig. 1(a), the
device is composed of a top electrode (Al), dielectric layer
(Ga,05(0D) and Ga,03(0OR)), and bottom electrode (ITO) on
the glass substrate. And the elements (Ga, O, In, and Sn) distri-
bution in the whole device is testified by EDS spectra, which
is shown in Fig. ST (Supplementary Material). The two films in
the dielectric layer are stacked with thicknesses around 50
and 40 nm, and due to the variation of sputtering conditions
during preparation, the clear boundary can be observed from
the cross-sectional sweeping electron microscopes (SEM)
image in Fig. 1(b). In addition, characterizing the crystallinity
by X-ray diffractometer (XRD) spectra in Figs. 1(c) and 1(d),
the main peaks such as (211), (222), (400), (411), (332), (431),
(440), and (622) are mostly resulting from ITO, illustrating that
the Ga,03(0D) and Ga,05(OR) films are almost amorphous(?8l,
The planar SEM images exhibit high surface flatness, as
shown in Fig. S2 (Supplementary Material), the large particle
clusters in Ga,05(OR) (prepared in the Ar and O, coexistence
atmosphere) are visibly more numerous than those in
Ga,05(0D) (prepared in the pure Ar atmosphere)[2% 30, To eval-
uate the internal differences between the dielectric layer
films, the X-ray photoelectron spectroscopies (XPS) spectra
are measured systematically. The Ga 2ps/, peak in both films
is split into Ga'* (1117.5 eV in Ga,03(0OD), 1117.6 €V in
Ga,05(0R)) and Ga3+ (1118.2 eV in Ga,05(0D), 1118.4 eV in
Ga,03(0OR)), which correspond to Ga,0 and Ga,0s;, respec-
tively. As exhibited in Figs. 1(e) and 1(f), the larger Ga3* peak
area indicates that the oxidization of the Ga element in
Ga,05(0R) is more adequate than that in Ga,05(0OD)3", This dif-
ferential oxidation phenomenon is also reflected in O 1s in
Figs. 1(g) and 1(h). Split O and Oy which are related to lat-
tice oxygen and oxygen vacancies take up the content in dis-
tinct manners. It can be seen that there are more oxygen
vacancies scattered in Ga,03(0D) than in Ga,O3(OR), which is
consistent with the previously analyzed result of deficiently oxi-
dized Ga3* in Ga,05(0OD), namely, oxygen atmosphere in the
sputtering process can effectively increase the oxygen concen-
tration of the gallium oxide film. With the varying gas atmo-
sphere during preparation, the position will differ between
the films’ energy bands. As depicted in Fig. 1(i), the valence
XPS spectra are measured to calculate the valence band posi-
tion, where the intersection of the horizontal extension and
the oblique tangent of the data points is 3.13 and 2.80 eV for
Ga,03(0OD) and Ga,03(OR), respectively. A method for deter-
mining fermi level is drawing support from ultraviolet photo-
electron spectroscopy (UPS) spectra depicted in Fig. 1(j).
Given the photon energy is 21.22 eV, the work functions (®)
are calculated to be 2.62 and 3.90 eV for Ga,05(0OD) and
Ga,03(0R), respectively. And a type- I homogeneous energy
band structure is demonstrated in Fig. 1(k). In conjunction
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Fig. 1. (Color online) (a) The schematic diagram and (b) the cross-sectional SEM image of the device. The XRD spectra of (c) Ga,03(OD) and (d)
Ga,03(OR). The XPS spectra of (e, f) Ga 2ps/, peak, as well as (g, h) O 1s peak in two different oxygen-content films. (i) The valence band XPS spec-
tra and (j) UPS spectra of Ga,053(0OD) and Ga,03(OR). (k) The energy band diagrams and (I) schematic of carrier distribution of Ga,03(OD) and

Ga,05(OR).

with the above analytical results, the schematic of carrier distri-
bution is depicted in Fig. 1(l). The oxygen vacancies and free
electrons converge at the interface of Ga,05(0D)/Ga,053(OR),
and finally, the homojunction dielectric layer is formedB3'.32,

3.2. Characterization of electrical synapse

In the human brain, synapses are the foundation unit for
bearing the responsibility of connecting neurons and transmit-
ting nerve impulsesB3l, They can be divided into three parts,
including pre-synaptic neuron, synaptic cleft, and post-synap-
tic neuron, where the neurotransmitters in pre-synaptic neu-
ron act as the carrier for nerve impulse transmission to post-
synaptic neuron, as shown in Fig. 2(a). And the exciting poten-
tial in post-synaptic neuron follows a gradual change trend,
which can be mimicked by the presented synaptic device, as
shown in Figs. 2(b) and 2(c). Ten cycles of negative sweeping
voltage (0—-1 V—0) and positive sweeping voltage (0—1
V—0) are used to continuously stimuli the top electrode.
Increasing and decreasing trends illustrate the voltage with dif-
ferent polarity carries a diametrically opposed excited effect,
which is similar to the disparate influences of the cations
(Ca2*) and anions (CI'-) for post-synaptic membraneB4., This
phenomenon is also validated by the vivid trends in further
current sequence diagrams in Figs. S3(a) and S3(b) (Supple-
mentary Material). To probe the response sensitivity of the
electrical synapse, the excitatory post-synaptic current (EPSC)
and inhibitory post-synaptic current (IPSC) are measured by a
single pulse (duration: 50 ms, interval: 50 ms, reading volt-
age: -0.1 V and 0.1 V) with the amplitudes of -1 and 1V,
respectively. It can be seen that the currents rise and fall sud-
denly and then return to initial values gradually, as depicted
in Figs. 2(d) and 2(e). When the pulse executes two consecu-
tive actions, PPF and PPD with the effective outputs of cur-

rent can be observed, as the insets shown in Figs. 2(f) and
2(g). Following the formula:

A - A

0
A %X 100%.

PPF/PPD (%) =

(1)

The PPF/PPD indexes are defined as the ratio of current
induced by the second pulse (A,) to the first (A;). The relation-
ships between PPF/PPD (%) and interval are drawn and fit-
ted in Figs. 2(f) and 2(g). The fitting function is given as:

PPF/PPD index = ¢;exp (;—f) + czexp(g), (2)

where t is the interval time, ¢; and ¢, are the initial facilita-
tion magnitudes of the respective phases, 7, and 1, are the
characteristic relaxation time constant). Both exponential
declines illustrate the paired pulses will turn into ineffective
with the interval increasing. The characteristic relaxation time
constants 1; and T, are 18.57 and 149.29 ms (PPF) as well as
45.02 and 1583.51 ms (PPD), which is consistent with the bio-
logical valuel'7. 33,351, Expanding the number of pulses to 500,
significant effective current outputs, i.e., long-term potentia-
tion and depression (LTP/LTD) are obtained, shown in Fig. 2(h).
And such robust inter-synaptic connectivity is also harmo-
nized by changing the duty ratio of pulses, as shown in
Fig. 2(i), the rising duty ratio can induce the amplitude and
speed of the effective current outputs to grow to a great
extent. After the expanded pulses stimulating, the electrical
synapse transits to a relaxation state, which means the grown
currents enter to decay naturally. As depicted in Fig. S3(c) (Sup-
plementary Material), the relaxation rate slows down with the
duty ratio decreasing. The above results demonstrate the excel-
lent performance of the electrical synapse, and the synaptic
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Fig. 2. (Color online) (a) Schematic illustration of the neural signal transmission by biological synapses. The continuous 10 sweeping curves at (b)
negative voltage (0—-1V—0) and (c) positive voltage (0—1 V—0). The (d) EPSC and (e) IPSC at (excitation/inhibition) pulse of -1 and 1V, respec-
tively. The (f) PPF and (g) PPD as well as their fitting lines at negative and positive paired electrical pulses, respectively. (h) The LTP and LTD
induced by 1000 negative and positive electrical pulses. (i) The LTP induced by negative electrical pulses with different duty ratios (0.4, 0.6, 0.7,

0.8,and 0.9).

device lays an enormous potential for future brain-like comput-
ing.

To analyze the current-voltage characteristics, the -V
sweeping curves of MFOS are measured, as depicted in
Fig. S4 (Supplementary Material). There are less or no conspicu-
ous performances of memorizing resistance in Al/Ga,03(OR)/
ITO and Al/Ga,03(OD)/ITO, as shown in Figs. S4(a) and S4(b).
While the MFOS exhibits both hysteresis processes between
rounds 1 and 2 as well as rounds 3 and 4, as depicted in
Figs. S4(c) and S4(d). In addition, the rectification phe-
nomenon can be observed apparently, which indicates that
there is a Schottky potential barrier between the two Ga,0s; fil-
msl'8 31, 321 Continuous positive sweeping high resistance
state (HRS) are fitted by Schottky Emission (SE) model in
Fig. S5. Fitted straight line with excellent linearity gradually
shifts upwards with the cycles, which is consistent with the
gradual increase in current under the positive voltages pre-
sented in Fig. 2(b). They can be attributed to the transport
and trapped/de-trapped of oxygen vacancies and electronics
at the interface, as shown in Fig. S6. And the slow decay pro-
cess in Fig. S3(c) is induced by oxygen ions back-diffusion
owing to the existing of oxygen concentration gradient,
which lay the foundation for non-volatile memories of the elec-
trical synapseB31-36],

3.3. Characterization of optical synapse
Not only that, but the defect capture and energy band

transport are also the principal mechanisms of optical synap-
tic behaviors with the participation of photoconductive
effect. As the MFOS is illuminated by the light like in Fig. 3(a),
photons energy will be absorbed and the electronics bound
in the valence band can be excited, resulting in the transi-
tion to the conduction band and the formation of the pho-
tocurrent. Comparing the values and trend of the increasing
photocurrent in Figs. 3(b) and 3(c), it can be found that the
transitioned electronics evoked by the light at the wave-
length of 254 nm are greater in number than that of 365 nm
and the synaptic behavior disappears under the illumination
of 365 nm. As demonstrated by the absorption spectrum
shown in Fig. S7(a) (Supplementary Material), the
365 nm light causes almost no photocarriers generation in
Ga,05(0R), it does not trigger the photocarriers trapped/
de-trapped process, thereby resulting in no synaptic behav-
jor(". 131 While massive photocarriers in Ga,05(OR) and
Ga,03(0OD) can be excited by 254 nm light, leading to the
potential barriers change (Fig. S8(b)), and once withdraw the
light, the photocarriers will recombine or be trapped (Fig.
S8(c)). In addition, as the bottom electrode, ITO has the abil-
ity to absorb UV light, as illustrated in Fig. S7(b). Comparing
the ITO device with the n-Si device in Figs. S7(c) and S7(d), it
can be seen that the optical synaptic tendency of the device
does not depend on the bottom electrode. We speculate that
the ITO serves to improve the optical response for the homo-
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Fig. 3. (Color online) (a) The schematic diagram of the device under light. The photocurrent responses of the device under different lights of (b)
365 nm and (c) 254 nm with varying intensity. (d) The photocurrent response under consecutive optical pulses (3.068 mW/cm2 1 s, dark: 1s). The
photocurrent responses of the device under 254 nm light with different (e) durations (1, 2, 5, 10, and 15 s) and (f) pulse numbers (5, 10, 20, and
40). (g) The PPF induced by paired optical pulses. (h) The variation of the PPF index with the intervals of paired optical pulses. (i) The “Learning-For-
getting-Relearning” process induced by three periodic lights (3.068 mW/cm2 10 s and dark: 15 s).

junction devices. And the optical synaptic behaviors with spe-
cific light are demonstrated as follows.

With the gradually rising photocurrent response under
consecutive optical pulses, the memory characterization of
the synaptic device can be revealed in Fig. 3(d). In biological
systems, the sensory cells respond differently to the input
signal with diverse variables?% 251, Similarly, the regularly
changing photocurrents will be induced by the light with vary-
ing parameters of duration and pulse number, as shown in
Figs. 3(e) and 3(f), respectively. The prolonged duration (1, 2,
5,10, 15 s) acts as a boost to the response of the device, and
also maintains the relaxing current for a long time (>30 s)
after turning off the light. As for the pulse number, the same
increasing and relaxing trend of current occurs as the num-
ber of pulses varies (5, 10, 20, 40) and the time consumed
(from <35 s to >80 s) by the relaxation process which indi-
cates the short-term memory (STM) is transmitted to long-
term memory (LTM). In addition, critical synaptic plasticity
called PPF is a short-term potentiation process essential to
decoding temporal information in optical signals. As shown in
Fig. 3(g), the optical pulse pairs are employed to enhance
memory strength. And the relationship between the PPF
index and optical pulse interval is depicted in Fig. 3(h) which
is consistent with the electrical PPF behavior, while the fitted
characteristic relaxation time constants of 7; (29.45 s) and 1,
(1.99 x 106 s) are larger than that of electrical PPF, which

results from the slower recombination of light-induced elec-
trons and holes than the back-diffusion effect of the oxygen
vacancies. On this bias, the advanced synaptic function of
“Learning-Forgetting-Relearning” is further simulated as testi-
fied in Fig. 3(i), the photocurrent induced by first and follow-
ing twice reillumination increases, in turn, leading to the effec-
tive prolongation of relaxation process. In brief, the
responses of the device dominated by optical signals and its
ability of repetitive learning and forgetting demonstrate the
optical synapse integrating both functions of perception and
memory is realized.

3.4. Simulation of the high-pass synaptic filter and
visual system

In the visual synaptic unit, the low-probability release of ne-
urotransmitters possesses a high-pass filtering action('9 37, 381,
The high-pass filter provides a self-scoring line for the signal
frequency and outputs high-frequency signals above this
threshold while low-frequency signals are filtered out. The
MFOS possesses the capability of mimicking such a high-pass
filter and the diagram of the device’s filtering effect is
depicted in Fig. 4(a). To measure the filtering behavior of the
optical synapse, 20 optical pulses with varying frequencies (2,
1.5, 1, 0.5, 0.33, 0.25, 0.20, 0.17, and 0.14 Hz) are imposed,
as shown in Fig. 4(b) and Fig. S9. It can be seen that the
increasing induces a higher current response, and Fig. 4(c)
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Fig. 4. (Color online) The high-pass filter and visual system. (a) The diagram of MFOS's filtering effect. (b) The photocurrent responses triggered
by 20 optical pulses with declining pulse frequencies (0.5, 0.33, 0.25, 0.20, 0.17, and 0.14 Hz). (c) Dependence of the EPSC (A,o/A;) on the pulse fre-
quency. The threshold frequency (f) is 0.33 Hz. (d) The filtering process of the image moon. ( I ) The original image. (II) The high-pass filtered

image. (e) The filtering process of the moon image with Gaussian noise. ( I ) The original image with Gaussian noise. (II) The high-pass filtered

image. (f) The perception and memory characteristics of the MFOS-based visual system under illumination with varying ( 1 ) intensity and (1I ) fre-

quency.

summarizes the dependence of EPSC (defined as the current
value ratio by the 20th and 1st pulse, i.e. Ayy/A;) on the pulse
frequency. The EPSC points can be separately fitted into two
types of the straight line with discrepant slopes (1.39 and
2.29). Filtering out the part with a lower slope and extracting
the turning point (0.33 Hz) as threshold frequency (f;), the
design of the high-pass filter is completed. To testify its filter-
ing performance, the optical synapse is used to filter the origi-
nal moon images, and the original data and outcomes are
exhibited in Fig. 4(d). However, imaging is subject to hard-
ware noise, such as Gaussian noise resulting from low illumina-
tion levels, high temperatures, and low temperatures. Not
only that, but imaging sensor suffers from sudden and strong
disturbances, including incorrect switching operations and
failed light sensors, which may produce unavoidable Salt-
and-Pepper noise. Therefore, it is necessary to apply high-
pass filter to noise-doped image processing, as shown in
Fig. 4(e) and Fig. S10. It is observed that whether Gaussian or
Salt-and-Pepper noise, the filter extracts the feature fre-
quency of the image, and the sharpened images are dis-
played. As a consequence, the high-pass filtering optical
synapse is realized.

Beyond filtering functions, optical synapse holds great
potential for bionic applications due to its integrated func-
tions of perception and memory. In the human visual system,
the cone and rod cells distributed in retina are responsible
for receiving and recognizing external optical information,
and its transfer to visual cortex is then achieved by optic
nervel® 171, Herein, the series of processes can be fulfilled on
the single prepared optical synapses. As shown in Fig. 4(f), a
3 x 3 MFOS array is constructed to mimic the retina, where
the letters “O” and “T” hollowed on the mask reticle repre-
sent the image on retina and the color saturation corre-
sponds to the photocurrent response of the MFOS unit as
well as the memory strength of acquired visual information.
Adjusting two illumination parameters of intensity (Figs. 4(f)-
I') and frequency (Fig. 4(f)- I ), it can be observed that when
enhancing the intensity (from 0.112 to 1.078 mW/cm?), the
memory strength for the letter “O” is strengthened from
~0.45 to ~1.2 nA, while forgetting time lengthens from 1 s to
>50 s. Similarly, with the hastening of frequency (from 0.1 to
0.5 Hz), the memory strength for the letter “T" is also strength-
ened from ~0.64 to ~1.2 nA, and forgetting time lengthens
from 10 to >50 s. Therefore, the filtering effect on small sig-
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Fig. 5. (Color online) The implementation of Pavlovian associative learning. (a) The four conversion processes of the puppy when (1) only the

bell rings, (1) only feeding, (1) bell ringing and feeding occur in parallel, and (IV) bell rings again. (b) The four kinds of optical signal arrange-
ments and combinations (wavelength: 365 and 254 nm, intensity: 976 uW/cm?2). ( 1) only 365 nm, (1) only 254 nm, (Il[) 365 nm and 254 nm in
parallel, and (IV) only 365 nm again. (c) The state conversion of the device from ( I ) failed firing to (Il -1V) firing (threshold current is 0.6 nA).

nals can be demonstrated and the optically regulable percep-
tion-memory integrated artificial visual system is realized.

3.5. Implementation of associative learning and logic
gate

In the human brain nervous system, associative learning
behavior is an advanced learning function which requires
multiple signals to work together. Pavlovian conditioning
reflex experience, one of the most classic examples, is testi-
fied successfully by measuring the puppy’s responsiveness
with the co-modulation of ringing and feeding signals, which
is interpreted in Fig. 5(a)i2’- 3% 401, As previously described
and exhibited in Figs. 3(b) and 3(c), the MFOS is able to
respond to double irradiated wavelengths of 254 and 365 nm.
And the nonvolatile characteristic under the wavelength of
254 nm in collaboration with the volatile characteristic under
the wavelength of 365 nm paves the way for simulating
the Pavlovian conditioning reflex experience. As shown in
Figs. 5(b)-1 and 5(b)-1I, the optical signal of 365 nm
(976 uW/cm?2) which acts as the ringing bell for puppy is ini-
tially applied to the device. And the optical signal of 254 nm
(976 uW/cm?) which acts as feeding food for puppy is then
applied. Different photocurrent responses which mean failed
firing (<0.6 nA) and firing (>0.6 nA) respectively can be found
from Figs. 5(c)- 1 and 5(c)-1I. It indicates that the artificial
“puppy” performs well to the external stimuli. Immediately
after, once the double optical signals of 365 nm (ringing bell)
and 254 nm (feeding food) irradiate the artificial “puppy” in
parallel (Fig. 5(b)-1)), the firing state is awakened to a high
level instantly (Fig. 5(c)-1IT)). Silence for a while and the artifi-
cial “puppy” fires again that followed by applying the optical
signals of 365 nm (Fig. 5(b)-IV). Thus, the associative learn-

ing behavior of Pavlovian conditioning reflex experience is
completed by the MFOS under the participation with two opti-
cal signals of 365 and 254 nm.

In addition, the distinctive photocurrent responses of the
MFOS are presented under the different reading voltage
(Vieaq) Of 0.03 V to implement the logic gate of IMP. As shown
in Figs. 6(a) and 6(b), the relaxation processes induced by the
optical signal of 254 nm at the V,,q of 0.03 V are shorter than
that at the V4 of —0.01 V and the current value of MFOS is
inhibited under the irradiation of the optical signal of 365 nm,
which can be attributed to the diametrically opposite influ-
ence of the potential barrier between the homojunction on
the reversed electric field direction36 41, Taking advantage of
such characteristics and selecting appropriate illumination
intensity of 2.986 mW/cm? for 254 nm and 0.812 mW/cm? for
365 nm as the inputs. By arranging and combining the turn-
ing on and off of the two illuminating signals, the different
photocurrents of the device are output, and a threshold
value of 0.14 nA is present to distinguish the logic “0” and
“1”, as shown in Fig. 6(c). Summering the measured results,
the logic relationship between optical inputs and current out-
put is depicted in Fig. 6(d) and the situ logic gate of IMP is
implemented with the truth table indicated in Fig. 6(e). The
results pave the way for in-sensor and parallel computation
in neural morphology devices.

4, Conclusion

In this work, the MFOS based on the Ga,05(0OD)/Ga,0;
(OR) homojunction is prepared and demonstrated. The basic
synaptic functions such as PPF/PPD and LTP/LTD are realized
due to the carrier trapping/de-trapping and energy band
differences between homojunction in response to the stimula-
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Fig. 6. (Color online) (a) The diagram of the IMP logic gate. Different responses for the optical signals of (b) 254 nm and (c) 365 nm with varying
intensity at a V,e,q 0f 0.03 V. The (d) measured data, (e) logic data, and (f) truth table of the logic gate of IMP (threshold current is 0.14 nA).

tion of electrical signals. In addition, the optical signals also
exhibit the ability to induce synaptic behaviors in the same
device. Based on the photoconductive effect and the sensitiv-
ity of MFOS to optical frequency, the high-pass filtering prop-
erty is verified. Meanwhile, the visual system with perception-
memory integrated capability is implemented by changing
the light signal with the parameters of intensity and fre-
quency. Furthermore, the classic experience of the Pavlovian
conditioning reflex and the logic gate of IMP are demon-
strated under co-modulation with dual-band wavelength illu-
mination. In brief, this work proposes a strategy to construct
MFOS with the engagement of multiple signals, thus further
providing an effective platform for future multi-scenario appli-
cations of neuromorphic computing.
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