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A B S T R A C T   

Neuromorphic computing systems that emulate the working principle of the biological brain is capable of 
overcoming the von Neumann bottleneck. Artificial synapses are critical information processing units in the 
neuromorphic computing systems. Because of the fast speed, large bandwidth, and high reliability, light or 
photonic interaction controlled artificial synapses (i.e., photonic synapses) are receiving great attention in recent 
years. Applying an additional stimuli to the photonic synapse will lead to a multi-level adjustment of synaptic 
plasticity behavior, which is useful for developing a multi-sensory neuromorphic system. In this work, we present 
a transparent and flexible photonic synapse based on a single ZnO micro/nanowire with modulation by piezo- 
phototronic effect, which is coupling by strain-induced piezoelectric effect and photoexcitation. The synaptic 
functions including paired-pulse facilitation, short-term plasticity, and long-term plasticity are demonstrated 
with pulsed UV illumination. Furthermore, the synaptic weight change can be effectively modulated by applying 
compressive strains due to the piezo-phototronic effect induced in the ZnO micro/nanowire. Specifically, the 
weight change can be reduced from 1437.5% to 191.4% with a compressive strain change from − 0.00% to 
− 0.28% under a UV light pulse of 4.2 mW cm− 2. A mechanism is proposed to explain the observed phenomenon 
of the photonic synapse under compressive strains. In addition, the relaxation of long-term plasticity can be 
modulated by controlling the transport of photo-generated carriers through the Schottky contact via the piezo- 
phototronic effect. This work demonstrates an effective approach to developing photonic synapses with tunable 
functions for multi-sensory neuromorphic computing systems.   

1. Introduction 

With the rapid development of artificial intelligence, big data, and 
the Internet of Things, the von Neumann architecture-based computing 
systems, consisting of separate processor and memory units, are 
encountering fundamental physical limitations, such as energy con-
sumption, access speed, and bandwidth [1–5]. On the contrary, the 
emerging neuromorphic computing architectures, which emulate the 
functionalities, effectiveness, capacity, and energy-efficiency of human 
brain, can overcome such limitations. The biological synapse in human 
brain is a critical unit for information processing, with both computing 

and memory functions. In the meantime, synaptic plasticity character-
istics, such as short-term plasticity (STP) and long-term plasticity (LTP), 
help the brain to efficiently process information in high-speed, fault--
tolerance, and massive-parallel manners. Equivalently, artificial synap-
ses emulating the biological synaptic behaviors have been developed 
with two-terminal memristors and three-terminal transistors modulated 
by electrical and/or light stimuli [6–9]. Recently, electronic synapses 
are having been intensively reported with emerging devices. However, 
such synapses typically exhibit limited operation speed, which is caused 
by the bandwidth-connection-density trade-off [10,11]. 

Impressively, photonic synapses can be a more favorable artificial 
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synapses due to their fast speed, large bandwidth, negligible crosstalk, 
and low-power consumption [7,9,12]. However, the photonic synapses 
reported so far have limited controllability on the synaptic behaviors 
such as relaxation properties of persistent photoconductivity. To over-
come this problem, researchers have tried various methods including 
modulating the composition of materials, applying a gate voltage, and 
introducing a ferroelectric layer [13–15]. However, these methods in-
crease the complexity of the device structure and the fabrication pro-
cesses. Therefore, simple but effective alternative methods such as 
introducing the piezo-phototronic effect to modulate the photonic syn-
aptic functions are becoming the hot spot of this field [16]. 

Piezoelectric semiconductor, usually existing in wurtzite/zinc blend 
family materials, e.g., ZnO, GaN, and ZnS, simultaneously possesses 
semiconducting and piezoelectric properties [17–21]. Owing to the 
non-central symmetric crystal structure, piezoelectric polarization 
charges can be created inside the semiconductor by applying a strain. 
The piezo-phototronic effect is to use this inner piezopotential as a 
“gate” voltage to tune the charge generation, separation, transport 
and/or recombination in optoelectronic processes. This effect has been 
widely utilized to modulate the performance of various piezotronic de-
vices, such as photodetectors [22,23], solar cells [24,25], and LEDs [26, 
27]. More impressively, one-dimensional ZnO nanostructures, including 
nanowires and nanobelts, have important application prospects in 
strain-tunable electronics/optoelectronics, self-powered adaptive sen-
sors, optical microelectromechanical systems, touchable haptic tech-
nologies and human-machine interfacing [22,28–31]. 

Here, we propose an effective way to modulate the synaptic plasticity 
of a single ZnO micro/nanowire (MNW)-based photonic synapse under 
the piezo-phototronic effect. The synaptic functions, such as paired- 
pulse facilitation (PPF), short-term plasticity (STP), and long-term 
plasticity (LTP), are explored using 365 nm ultraviolet (UV) pulses. 
More importantly, we demonstrate the ZnO MNW with a single crys-
talline structure is essential to serve as a model system to bring in the 
piezo-phototronic effect. Taking the advantage of this effect, we also 
investigate the regulation of the synaptic weight change by controlling 
the transport of photo-generated carriers in the ZnO MNW. This method 
not only provides an effective synaptic behavior modulation for the 
nanowire-based photonic synapses and strain-tunable electronics/op-
toelectronics, but also shows potential applications in strain sensing for 
biomedical sciences, bio-realistic artificial intelligence systems, neuro-
morphic computing system and construction of next-generation neuro-
morphic sensory network. 

2. Experimental sections 

2.1. ZnO MNWs synthesis and characterization 

ZnO MNWs were fabricated by using a chemical vapor deposition 
(CVD) method [32,33]. ZnO and carbon mixed powders were placed in a 
quartz boat in the center of the tube furnace, while the silicon substrate 
coated with 5 nm Au was placed at downstream. The typical synthesis of 
ZnO MNWs was carried out at a temperature of 960 ℃ for 1 h with the Ar 
carrier gas flow rate of 100 sccm. 

2.2. Device fabrication 

The photonic synapse was fabricated by transferring an individual 
ZnO MNW laterally onto a flexible polystyrene (PS) substrate under a 
stereoscopic microscope, with its c-axis in the plane of the substrate 
pointing to the source. Then silver paste was applied to fix the two ends 
of the ZnO MNW at the substrate to form the source/drain electrodes. 

2.3. Measurements of the photonic synapse 

All measurements were carried out in ambient conditions at room 
temperature. The device was tightly fixed on a customized sample 

holder by one end. At the same time, the other end of the device through 
moving a positioner which was attached to a 3D mechanical stage 
(Newport M-462) with a displacement resolution of 1 µm. The 
compressive strain was introduced by bending the other end of the de-
vice via moving the positioner. The light pulse stimuli were generated 
with a 365 nm UV lamp, and the intensities were adjusted by using a set 
of filters during the experiment. A function generator (Tektronix 
AFG3011C) was applied to the UV lamp. The customized set-up for 
measurements was used in our experiment as mentioned earlier [24]. 
The electrical and photoelectric properties of the photonic synapse 
under different strains were measured by a computer-controlled mea-
surement system (Stanford research systems SR570 and DS345) under 
UV illumination. 

3. Results and discussion 

The photonic synapses have drawn great attention for faithfully 
emulating the functions of biological synapses in the rapid development 
of artificial intelligence techniques. Synaptic plasticity has played a 
crucial role in information storage and learning for synaptic functions. 
In this work, we introduced an effective method, the piezo-phototronic 
effect, to modulate synaptic plasticity in the photonic synapse based on a 
single ZnO MNW, and the conception diagram is shown in Fig. 1a. 
Firstly, as a semiconductor with a 3.37 eV of direct bandgap, ZnO ex-
hibits excellent photo-response characteristics for the photonic synapse 
in the UV region. Secondly, the strain-induced piezo-potential generated 
in the ZnO could effectively modulate the interface charge carrier 
transport characteristics to optimize the performance of the device 
[18–21]. Thus, for ZnO with unique semiconducting, photoexciting, and 
piezoelectric properties simultaneously, the coupling among them has 
formed the novel physical effect of piezo-phototronics. Under this 
mechanism, the behavior of photonic synapse could be effectively 
modulated. 

ZnO MNWs were grown by using a mixed powder of zinc oxide and 
graphite via vapor-liquid-solid method at 960 ℃. Fig. 1b shows a typical 
scanning electron microscopy (SEM) image of the as-grown ZnO MNWs. 
Their length could reach several hundred micrometers, and their di-
ameters varies from hundreds of nanometers to several micrometers. An 
enlarged SEM image of an individual ZnO NW is shown as an inset in 
Fig. 1b to reveal the hexagonal cross-section with a smooth surface 
(around 6.5 µm in diameter). The growth direction of ZnO MNWs was 
determined along the +c-axis as mentioned earlier [24]. The UV–vis 
absorption and photoluminescence (PL) spectra are presented in Fig. 1c, 
which exhibited an absorption edge of 378 nm (corresponding to 
3.28 eV), and a strong near-band-edge emission (NBE) peak at about 
390.8 nm. A broad peak clearly observed around 540 nm was attributed 
to the oxygen-related defects, such as Vo

0 and Vo
+, which are important 

for affecting electrical and photoelectric properties of ZnO [34]. An 
optical micrograph and an image of the as-fabricated device were shown 
in Fig. 1d and e, respectively. The transparent and flexible device is 
demonstrated and suitable to apply dynamic strains under UV 
illumination. 

In a brain, the synapse is the connection between two neurons, which 
transmits information from pre-to post-neuron through electrical or 
electrochemical signals, as shown in Fig. 2a. The influx and extrusion of 
Ca2+ in the pre- and post-neuron play an important role in modulating 
the synaptic plasticity [14,15]. The synaptic weight, or strength of the 
connection, could change in response to the input stimuli from the 
pre-neuron. That is, the synapse is critical for information processing. To 
emulate the biological synapse, a simple two-terminal flexible photonic 
synapse is fabricated by using a single ZnO MNW. The increases of 
conductance for carrier generation triggered by light pulse and decay of 
conductance under dim ambience for photonic synapse resemble the 
influx and extrusion dynamics of Ca2+ in the biological synapse. Espe-
cially, unlike conventional two-terminal synapses, the strain-induced 
piezo-potential in ZnO could be treated as a virtual gate voltage to 
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modulate the synaptic plasticity. The UV light pulse at the wavelength of 
365 nm is used to train the photonic synapse for the ZnO MNW with a 
bandgap of 3.28 eV. The conductance of the device is regarded as the 
synaptic weight. 

Fig. 2b shows a response current of the photonic synapse triggered by 
a light pulse with a wavelength of 365 nm, a light intensity of 
1.66 mW cm− 2, and a width of 1 s. The current reaches its maximum 
value of about 0.62 μA under light pulse, and then decays gradually in 
dark for the recombination of photo-generated electron-hole pairs 
caused by oxygen vacancies in ZnO and reaction with chemisorbed ox-
ygen on the ZnO surface [15,35]. This dynamic behavior for the light 
response that is known as an excitatory postsynaptic current (EPSC) is 
similar with the behavior in a biological synapse. Fig. 2c depicts the 
synaptic current triggered by light pulses (0.183 mW cm− 2, a width of 
1 s) with different interval time for 1 s, 5 s and 10 s, respectively. The 
current reaches 0.36 μA after ten successive pulse trains with an interval 
time of 1 s (top of Fig. 2c), and 0.20 μA after four successive pulse trains 
with an interval time of 5 s (middle of Fig. 2c), as marked on Fig. 2c. 
Under the successive short pulse illumination, the electron-hole pair 
generation is dominating, resulting in the rapid increase of the response 
current. The shorter the interval time lasts, the more the electrons 
accumulate. Then, the response current for the condition (a width of 1 s, 
an interval time of 1 s, and ten times) is higher than the peak value for 
interval time of 5 s and 10 s. The trace that current reached out to its 
max value is analogous to a learning process, and meanwhile, the 
relaxation behavior is just like a forgetting process. The repetitive 
identical UV light pulse could enhance the current and then delay the 
relaxation time, result in the transition from STP to LTP. In addition, the 
STP and LTP corresponding to short-term memory (STM) and long-term 

memory (LTM) in the human brain, respectively. It indicates that the 
emulation of typical transition from STM to LTM could be potentially 
realized by applying repeatedly UV pulses in human learning activities 
[35]. 

The PPF is a common but important phenomenon for short-term 
synaptic plasticity, in which the post-synaptic response is evoked by 
the second light pulse following closely behind the first one, as shown in 
Fig. 2d. The PPF index is defined as a ratio of A2 to A1, where A1 and A2 
are the values of the first and second post-synaptic current triggered by 
first and second light pulse, respectively [36,37]. In Fig. 2d, the 
maximum of PPF index at 1.45 was obtained at the beginning, and the 
PPF decreases gradually with the increase of the interval time. The decay 
behavior could fit with a double-exponential function, 

PPF = 1+C1exp( − Δt/τ1)+C2exp( − Δt/τ2) (1)  

where C1 and C2 are fitting parameters, τ1 and τ2 are the characteristics 
decay time constants. The relaxation behavior of PPF is similar to the 
behavior of biological synapse, indicating that the single ZnO MNW 
synapse could emulate the function of a biological synapse with a similar 
double-exponential function [38,39]. 

The I-V curves of the photonic synapse under different light in-
tensities varying from 0.003 to 1.975 mW cm− 2 are displayed in Fig. 3a. 
It exhibits excellent 365 nm UV response and rectification characteris-
tics at each light intensity. In addition, the photocurrents of the device 
increase with the light intensity elevating up, because the number of 
photo-generated electron-hole pairs is proportional to the number of 
photons absorbed in ZnO. In Fig. 3b, the current is increased by 3 times 
(from 0.10 μA to 0.30 μA) as the compressive strain changed from 
− 0.00% to − 0.32%. It clearly shows the significant enhancements in the 

Fig. 1. (a) Conception diagram of piezo-phototronic effect for modulating ZnO MNW-based photonic synapse. (b) Scanning electron microscopy (SEM) image of ZnO 
MNWs; Inset: enlarged SEM image of an individual ZnO MW. (c) The UV–vis absorption and photoluminescence (PL) spectrum of ZnO MNWs. (d,e) Optical mi-
croscopy and digital image of a typical synapse device, respectively. 
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Fig. 2. (a) Schematic of biological synapse and Ca2+ dynamics, and the photonic synapse based on ZnO MNW and its light response. (b) A response current of the 
synapse triggered by a light pulse with the wavelength of 365 nm, the light intensity of 1.66 mW cm− 2, and a width of 1 s. (c) The response currents of a synapse 
triggered by light pulses with a light intensity of 0.183 mW cm− 2, a width of 1 s, and different interval time for 1 s, 5 s and 10 s, respectively. (d) The PPF emulated 
by two identical light pulses with a light intensity of 0.41 mW cm− 2. Inset: schematic of the change in current triggered by two sequential light pulses. 

Fig. 3. (a) I-V curves of the synapse device under 365 nm UV light with different light intensities. (b) I-V curves of the device with different compressive strains. (c) I- 
V curves of the device under 0.468 mW cm− 2 light intensity with/without compressive strains. (d) The response currents triggered by different light intensities with 
different compressive strains. (e) The synaptic weight change varies at different light intensities, with fixed compressive strain in each curve. (f) The synaptic weight 
change varies at different strains, with fixed light intensity in each curve. 
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output current of ZnO MNW synapse under compressive strain due to the 
piezotronic effect. The I-V curves of the device under compressive 
strains at a 365 nm UV light with a light intensity of 0.468 mW cm− 2 are 
shown in Fig. 3c. The dashed line and solid line with the same color 
represent responses in dark and under UV light illumination at the same 
condition of strain, respectively. It is obvious that photocurrents of the 
device are significantly improved by applying different compressive 
strain. The slight fluctuation of the curve may be caused by the property 
of the interface contact between the ZnO and silver paste [28–30]. 
Under the UV light (0.468 mW cm− 2), the photocurrents are 0.17 μA, 
0.34 μA, and 0.51 μA with the compressive strain of − 0.00%, − 0.12%, 
and − 0.18%, respectively. The current is increased by about 3 times 
when applying the compressive strain of − 0.18%. It demonstrates an 
effective enhancement on the performance of photonic synapse under 
the piezo-phototronic effect. From Fig. 3a–c, these results clearly indi-
cate that the single ZnO MNW photonic synapse has an excellent 
piezoelectric property and photoresponse under UV light. 

To investigate the piezo-phototronic modulation on the synaptic 
plasticity of the photonic synapse, the device is studied by synergically 
applying UV light pulse trains with different intensities from 0.63 to 
4.2 mW cm− 2 and strains ranging from − 0.00% to − 0.28%, and the 
corresponding results are demonstrated in Fig. 3d. It clearly shows that 
the current increases gradually with an increase in light density at the 
same compressive strain. When the light intensity increases from 0.63 to 
4.2 mW cm− 2, the current increases from 0.53 μA to 1.80 μA without 
strains. Meanwhile, the relaxation time also is prolonged with light in-
tensity boosting up, not returning to its initial state but positioned at a 
certain higher level. A stronger light pulse would be expected to produce 
a longer relaxation time for recombination of a large number of carriers. 
It demonstrates a transition of STP to LTP is caused by a larger light 
intensity (4.2 mW cm− 2). When compressive strains are applied onto the 
device, the magnitude of the current and relaxation time improved with 
the increase of compressive strain under the same light intensity. At a 
light intensity of 0.63 mW cm− 2, the current are 0.53 μA, 1.04 μA, and 
1.57 μA for the compressive strains of − 0.00%, − 0.13%, and − 0.28%, 
respectively. It could be seen that the transition of STP to LTP could be 
modulated by introducing external strain, which is a novel result of 
enhancement in the piezo-phototronic effect [35]. 

To further illustrate the modulation on the synaptic plasticity by the 
piezo-phototronic effect, the weight change with respect to different 
365 nm UV light intensity and strain condictions are calculated and 
summarized in Fig. 3e and f, correspondingly. Fig. 3e presents the syn-
aptic weight change under different light intensities, with a fixed 
compressive strain in each curve, ranging from − 0.00% to − 0.28%. At 
the light intensity of 4.2 mW cm− 2, the weight change reduces from 
1437.5% to 191.4% (by almost 7.5 times) as the compressive strain 
changes from − 0.00% to − 0.28%. Fig. 3f shows the synapse weight 
change under different strains with fixed light intensities in each curve 
(the light intensities from 0.63 to 4.20 mW cm− 2). The larger strain 

could tune the synapse weight change under different light intensities 
more substantially. From Fig. 3e and f, it is obvious that the weight 
change could be regulated and controlled by externally applied 
compressive strains on the device under the piezo-phototronic effect. 

As an important form of synaptic plasticity, LTP is widely believed to 
underlie learning and memory [40–42]. For a photonic synapse, the 
relaxation behavior should be controlled for application in neuro-
morphic computing [15,43]. To control the relaxation behavior, the 
photonic synapse are investigated by using different compressive strains 
and applying light pulse trains with a width of 1 s and an interval time of 
1 s. The conductance and weight change of the device are shown in  
Fig. 4a and b, respectively. The conductance is significantly enhanced 
with the increase of compressive strain, as shown in Fig. 4a. Under a 
light intensity of 0.227 mW cm− 2, the conductance reaches 132.4 nS, 
187.7 nS and 291.5 nS for − 0.00%, − 0.15%, − 0.22% compressive strain 
after triggered by ten light pulses, respectively. In Fig. 4b, the synaptic 
weight change reduces with the increase of compressive strain. The 
weight change significantly decreases from 302.4% to 143.0%, with the 
increase of compressive strain from − 0.00% to − 0.22%. The results 
confirm that the weight change could be strongly modulated via an 
applied external strain. The LTP also shows different behavior after 
applied strains, and the maintained synaptic weight change are larger in 
− 0.00% (191.8%) than that of − 0.22% (96.6%) after 22 s. 

An/A1 index is defined as the ratio of the peak current amplitudes of 
light response by first (A1) and nth light pulses (An) [15]. The An/A1 
index for the LTP under different compressive strains are shown in 
Fig. 4c. The conductance amplification was 228.0%, 194.6%, and 
174.3% larger than the initial one under − 0.00%, − 0.15%, and − 0.22% 
of compressive strain, respectively. The amplification reduced with an 
increase in compressive strain. These results demonstrates that the 
compressive strain applied in the device could be used to tune the syn-
aptic functions in the photonic synapse based on a single ZnO MNW for 
neuromorphic systems. 

In the metal-semiconductor-metal (M-S-M) structure, the perfor-
mance of the device with Schottky contact is mainly determined by the 
reverse-biased Schottky barrier (Фd), and the current density passing 
through the Schottky barrier (Jr) under the applied bias VD is given by 
[44,45]: 

Jr =
A∗T(πE00)

1/2

κ

[

q(VD − ξ) +
qϕb

cos h2(E00/κT)

]1/2

×exp
(

−
qϕb

E0

)

exp
[

qVD

(
1

κT
−

1
E0

)] (2)  

where A∗ is the Richardson constant of the ZnO NW, ξ is the distance 
between Fermi level and the bottom of the conduction band for ZnO 
wire, qis the magnitude of electron charge, κ is the Boltzmann constant, 
and Tis temperature. Then, the two important constants are defined by: 

Fig. 4. (a) The conductance and weight change of the synapse under different compressive strains by applying ten light pulses with a width of 1 s and an interval 
time of 1 s. (c) An/A1 index according to the number of light pulses under different compressive strains. 
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E0 = E00 coth
(

E00

κT

)

(3)  

E00 =
ℏq
2

(
Nd

m∗εsε0

)1/2

(4)  

whereNd is the doping density of the ZnO wire, m∗is the effective mass, 
andεs and ε0 are relative permittivity of ZnO NW and absolute permit-
tivity of free space, respectively. From Eq. (2), the current density Jr has 
an exponential relationship with the reverse-biased Schottky barrier Фd, 
indicating that a tiny change of Фd could cause a relatively large change 
in current. Based on the M-S-M structure, a linear region is expected for 
the I-V curve at large bias, so the resistance of the ZnO NW could be 
determined from the linear region by: 

RZnO ≈
dV
dI

|large bias (5) 

For in-depth understanding of the piezo-phototronic modulation of 
the photonic synapse, an equivalent circuit model for the M-S-M struc-
ture (inset of Fig. 5a) is built, and the fitting of the I-V curves of the 
devices in Fig. 3c is carried out by utilizing a GUI program PKUMSM 
developed by Peng et al. [43]. As shown in Fig. 5a, the fitting result of 
the I-V curve at − 0.18% of compressive strain in dark conditions is 
plotted as a red line and agrees well with the experimental data in blue 
dots. Based on the equivalent circuit model, the Фd and RZnO are 
extracted from Fig. 3c as presented in Fig. 5b and c. It is obvious that 
both of the Фd in the condition of light on or light off decrease obviously 
as introducing more compressive strains on the devices, but the change 
of Фd is small before light on or off. The change of Фd effectively dom-
inates the charge carriers transport process across the local interface. 
Thus, the enhancement of photocurrent is largely due to the 
strain-induced piezoelectric potential. According to Fig. 5c, the fluctu-
ation trend for the resistances of ZnO MNW RZnO is similar to the change 
of Фd under compressive strains, but the change is much smaller. 
However, the change of the resistances decreases obviously before and 
after UV illumination. From Fig. 5b and c, the decrease of Фd and RZnO 
might be accounted for the increase of the current. 

Band diagrams of the photonic synapse are carefully analyzed and 
studied to illustrate the physical mechanism through the observed syn-
aptic behaviors and modulation by the piezo-phototronic effect based on 
a single ZnO MNW, as shown in Fig. 6. A Schottky contact is formed at 
local metal-semiconductor (M-S) contact (reversely biased drain elec-
trode) in vacuum as shown in Fig. 6a. In Fig. 6b, the O2 molecules are 
adsorbed on the ZnO surface and a depletion layer is formed in the air, 
and the oxygen vacancies in ZnO trap the electrons, therefore this pro-
cess reduces the number of free electrons inside the pristine ZnO MNW, 
leading to a lower conductivity and output current [46–48]. 

As shown in Fig. 6c, under UV illumination, the photo-generated 
electron-hole pairs could react with chemisorbed oxygen on the sur-
face, thin the depletion layer and increase electrons, resulting in an 

upward current. Once UV light turns off, the oxygen absorption takes 
place on the surface of ZnO again. Moreover, the oxygen vacancies in 
ZnO could trap the electrons, or act as the recombination centers to 
accelerate the recombination process and reduce carrier migration rate. 
These processes would consume the free electrons, leading to the current 
decaying gradually [29,49]. In Fig. 6d, when the compressive strain is 
applied along the c-axis of ZnO MNW under UV illumination, the posi-
tive piezoelectric polarization charges are created at the local M-S 
contact and modified the band structure at the M-S interface, effectively 
reducing the Фd. The piezo-phototronic effect could enhance the sepa-
ration efficiency of the photo-generated electron-hole pairs and decrease 
the possibility of recombination, then reduced the depletion layer and 
increased carrier concentration [18,20,50]. The result leads to the en-
hancements on output current as well as the general performances of the 
device. 

Finally, in order to further perform the learning capability of pho-
tonicsynapse, an artificial neural network (ANN) based on single-layer 
perceptron (SLP) is designed and simulated to demonstrate the image 
recognition accuracy for the Modified National Institute of Standards 
and Technology (MNIST) database, as shown in Fig. S1. In Fig. S2, the 
synaptic characteristics such as the conductance margin Gmax/Gmin, 
nonlinearity (NL) value can be extracted for simulation. As shown in 
Fig. S3, the recognition accuracy with different strain conditions after 
supervised learning can be improved by the piezo-phototronic effect. 

4. Conclusions 

In summary, based on an M-S-M structure, we have fabricated 
transparent and flexible photonic synapse devices using a single ZnO 
MNW. The synaptic functions such as PPF, STP, and LTP could be ob-
tained by applying the UV light pulse stimuli. Under compressive 
strains, the piezo-phototronic effect has been introduced to modulate 
the photon-generated carriers transport process across the M-S contact 
and tuned the synaptic plasticity behavior. The weight change reduces 
from 1437.5% to 191.4% with an increase of compressive strain. The 
relaxation characteristics of the synapse could also be modulated by the 
piezo-phototronic effect through controlling effectively the transport of 
photo-generated carriers in ZnO. Furthermore, artificial neural networks 
are simulated to demonstrate the image recognition accuracy can be 
improved by the piezo-phototronic effect. This work provides an effec-
tive approach to designing and controlling the photonic synapse based 
on piezoelectric semiconductors in the area of smart systems, artificial 
intelligence, and neuromorphic computing. 
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