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ABSTRACT: Tactile information is efficiently captured and
processed through a complex sensory system combined with
mechanoreceptors, neurons, and synapses in human skin. Synapses
are essential for tactile signal transmission between pre/post-
neurons. However, developing an electronic device that integrates
the functions of tactile information sensation and transmission
remains a challenge. Here, we present a piezotronic synapse based
on a single GaN microwire that can simultaneously achieve the
capabilities of strain sensing and synaptic functions. The
piezotronic effect in the wurtzite GaN is introduced to strengthen
synaptic weight updates (e.g., 330% enhancement at a compressive
stress of −0.36%) with pulse trains. A high gauge factor for strain
sensing (ranging from 0 to −0.81%) of about 736 is also obtained.
Remarkably, the piezotronic synapse enables the neuromorphic hardware achievement of the perception and processing of tactile
information in a single micro/nanowire system, demonstrating an advance in biorealistic artificial intelligence systems.
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Bioinspired electronic systems are driving the rapid
development of the fields of artificial intelligence (AI),

such as neuromorphic computing,1,2 humanoid robotics,3,4 and
electronic skins.5−8 Human skin can efficiently perceive tactile
information through a complex sensory system combined with
mechanoreceptors, neurons, and synapses. Tactile stimuli are
transduced into electrical impulses by various mechanorecep-
tors (e.g., Merkel’s disks). And then, these tactile signals are
transmitted via synapses between pre/post-neurons and finally
to the central nervous system. In the biological synapse,
repeated stimuli can affect the dynamics of Ca2+ ions at the
biological synapse that leads to changes in synaptic weights.9 It
is remarkable that the synapse and its synaptic weight change is
the basis for information processing and transmission.
Equivalently, artificial synapse that emulates biosynaptic
plasticity functions has been developed into the neuromorphic
systems.9−12 To date, memristors based on metal oxides9,13,14

or polymers15,16 are reported to emulate synaptic behaviors
and implement artificial neural networks.13 Furthermore, the
development of artificial sensory (or neuromorphic) systems
that imitate the sense of touch can benefit from the improved
understanding of information processing in somatosensory
peripheral nerves. Bao et al. reported a pressure sensor
integrated with a ring oscillator and a synaptic transistor to
transduce pressure into frequency signals directly.7,17 Chen et
al. presented an artificial sensory neuron, composed of a
resistive pressure sensor, a synaptic transistor, and a soft ionic
conductor, that can recognize the spatiotemporal features of

touched patterns.18 However, those systems are very
complicated in integration and inevitably limit the large-scale
applications for future artificial intelligence. Necessarily, a
device that can sense, store, and process information with low
power consumption is highly desirable for future neuro-
morphic systems.
Low dimensional piezoelectric semiconductors are very

suitable for the design of the artificial sensory systems, due to
the piezotronic effect. More specifically, the piezotronic effect,
bycouplingpiezoelectricpolarizationandsemiconductorproper-
ties, uses the piezo-potential generated in the piezoelectric
semiconductor as a virtual-gate voltage to modulate the
interface barrier or control charge carrier transport character-
istics for fabricating new devices.19 That is, strain-induced
polarization charges are also capable of tuning channel
conductance in such devices, which instead arouses the
capability of strain sensing. Also, the piezotronic effect has
been demonstrated in wurtzite-structured semiconductors, e.g.,
ZnO,20−22 and GaN,23−25 commonly in direct current mode,
and enhanced performance by applying external stress for
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various piezotronic devices, including sensors,21,26 photo-
detectors,27,28 LEDs,22,29 solar cells,30,31 lasers,32 memris-
tors,23,33 and power devices,34 has been widely reported.
More impressively, one-dimensional GaN nanostructures, e.g.,
nanowires25 and nanobelts,33 have great application prospects
for information storage23 and piezotronic modulation.33

Here, we present a piezotronic synapse fabricated in a single
GaN microwire that can simultaneously achieve the capabilities
of tactile sensation and transmission. Such a device design
based on a single GaN micro/nanowire contributes to the
reduction of the artificial sensory system complexity. Thresh-
old switching behavior and short-term plasticity synaptic
functions are demonstrated in the device. More importantly,
the piezotronic effect in pulse (or alternating current) mode is
introduced to strengthen synaptic weight updates through
effective electrons transport modulation in the wurtzite GaN-
based device. The device also provides strain sensing with a
gauge factor as high as 736, by monitoring the synaptic weight
enhancement with compressive stress.
Figure 1a illustrates a schematic of mechanosensation and

the related signal processing via synapse in the biological skin.
External mechanical stimuli (e.g., pressure, stress, and torsion)
can excite various mechanoreceptors (e.g., Merkel’s disks) to
produce electrical impulses (i.e., action potentials) which carry
the tactile information in the form of temporal signals.
Synapses act as information conveyers that can either excite

or inhibit the postsynaptic neuron via neurotransmitters, as
schematically shown in the inset of Figure 1a. A hexagonal
GaN nanowire is capable of generating piezo-potential by
applying pressure or strain due to the piezoelectric polar-
ization, which is simulated by COMSOL Multiphysics (Figure
1b). More impressively, the micro/nanowire device has the
potential to couple with the functions of tactile sensing and
synaptic behaviors, which we call “piezotronic synapse”. Figure
1c shows a schematic of piezotronic synapse based on a single
GaN microwire, illustrating a very promising building block for
the artificial sensory systems and human−machine interfaces.
Furthermore, the change in synaptic weight can be tuned by
applying a compressive stress with voltage pulse trains (2 V, 1
ms), as shown in Figure 1d. The output current (or synaptic
weight) has no great changes under the stress-free condition.
However, when applying a compressive stress of −0.99%, the
synaptic weight shows a remarkable increase with pulse trains.
It means that the updates of the synaptic weight can be
controlled by external mechanical stimuli under the piezotronic
effect in pulse mode. From another perspective, the condition
of stress loading can also be obtained according to the change
in synaptic weight.
Figure 2a illustrates the device structure of the GaN

microwire based piezotronic synapse. The single GaN
microwire was synthesized by a chemical vapor deposition
(CVD) method, transferred onto a polystyrene (PS) substrate,

Figure 1. Concept of piezotronic synapse. (a) Schematic illustration of mechanosensory and processing via synapse in the biological skin. The red
dashed cycle shows the detailed structure of the synapse, composed of pre/post-synaptic neurons and synaptic cleft. (b) The finite element analysis
for the piezo-potential distribution of a hexagonal GaN nanowire by applying pressure or strain (COMOSOL Multiphysics). The nanowire device
has the potential to couple with the functions of tactile sensing and synaptic characteristics. (c) Schematic illustration of piezotronic synapse based
on a single GaN micro/nanowire. (d) The changes in current (synaptic weight) without (top) or with (bottom) compressive stress by applying the
same pulse trains (2 V, 1 ms). Under stress of −0.99%, the synaptic weight shows a remarkable increase with pulse trains.
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and followed by forming source/drain contacts with a silver
paste. A bamboo-shaped GaN microwire is observed in the
scanning electron microscopy (SEM) images of Figures S1 and
2b, and the knot of the GaN microwire is shown in the
transmission electron microscopy (TEM) image of Figure 2c.
The single-crystal GaN microwire grows along the c-axis,
according to our previous report.23 Micro-Raman scattering of
the GaN microwire on the PS substrate is shown in Figure S2.
The shifts at 566.9, 557.2, and 529.9 cm−1 are respectively
identified as the E2(high), E1(TO), and A1(TO) modes of
GaN. Based on the symmetric and strong phonon line of
E2(high) at 566.9 cm−1, it can be found that the GaN
microwire is high crystallinity and shows hexagonal phase
characteristics. The typical DC I−V characteristics of the GaN
microwire device at forward/reverse voltage sweeping under a
compliance current (Icc) of 1 μA are shown in Figure 2d. When
the applied voltage is larger than the threshold voltage (Vth),
the device abruptly switches on and the current increases to
the Icc level (at low resistance state, LRS) at forward voltage

sweeping; when the applied voltage reduces to below the hold
voltage (Vhold), the device spontaneously switches off and the
current decreases back to the level of 1 pA (at high resistance
state, HRS). That is, the threshold switching behavior of the
piezotronic synapse is clearly demonstrated.
The control of resistance states in the synapses by applying

pulses is of great importance to implement neuromorphic
functions.35 By using voltage train pulses as the input stimuli,
the dynamics of the piezotronic synapse is systemically
investigated to demonstrate the features of the implementation
of neuromorphic hardware. The switching characteristics of the
piezotronic synapse is highly dependent on the number,
amplitude, or width of train pulses. In Figure 2e, the output
currents are clearly recorded when input pulse trains (1 ms, 31
pulses) with various voltage amplitudes (2.0, 2.5, 2.7, and 3.0
V). Below a critical pulse voltage amplitude (<2.5 V), pulse
trains do not lead to a change in conductance of the device.
However, the increased conductance (or current jump) is
observed when the train pulse voltage is ≥2.5 V. The similar

Figure 2. GaN microwire based piezotronic synapse. (a) Optical image of the device with the structure of Ag/GaN microwire/Ag. Scale bar: 20
μm. (b) Scanning electron microscopy (SEM) image of the GaN microwire, showing the bamboo-shaped structure. Scale bar: 2 μm. (c)
Transmission electron microscopy (TEM) image of the GaN microwire at the knot. Scale bar: 5 nm. (d) Typical DC I−V characteristics of the
GaN microwire device, including forward (blue) and reverse (red) voltage sweeping, under a compliance current (Icc) of 1 μA. (e) Response of the
GaN microwire device to input voltage pulse trains. The top shows the pulse trains (1 ms, 31 pulses) with different voltage amplitudes (2.0, 2.5, 2.7,
and 3.0 V). The bottom shows the output current response to the input trains. The currents are observed to be switching-on when the voltage
amplitude ≥2.5 V. The incubation time, which indicates the number of pulses for the switching event, is shorten with the increase of the pulse
amplitude. The pulse trains with the pulse amplitude of 3 V could contribute to the formation of a large conductive channel, resembling the
forming process and inducing more VN trap states.
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process of pulse response is also represented at the top of
Figure S3. Moreover, the incubation time, which indicates the
number of pulses for the switching event, is shorten with the
increase of the pulse amplitude, and the current jumps at the
first applied pulse when the pulse amplitude is ≥3 V.
Additionally, the current jumps come to occur, and the
incubation time can be reduced, when consecutively applying a
small pulse amplitude of 2 V by modulating the pulse width
(from 0.5 to 10 ms), as shown in the bottom of Figure S3.
The dynamics of Ca2+, including the procedures of influx

and extrusion, in the pre/post-synaptic neuron are essentially
critical for the change of plasticity in the biological synapse.9

Based on the fitting I−V plot of the GaN microwire device in
Figure S4, the trap-controlled space-charge-limited-conduction
(SCLC) theory36 can be used to explain the conduction
mechanism. A large number of trap states (e.g., nitrogen
vacancies) are initially formed in the bamboo-shaped GaN
microwire, probably at the knots,23 due to applying a
compressive stress of −1.43% at first. The nitrogen vacancies
(VN) in the GaN microwire acting as trap states that can
contribute to the formation of conductive channel with
electrons trapping and detrapping procedures,37,38 which is
analogous to the dynamics of Ca2+ in the biological synapse.
Figure 3a illustrates the detailed electrons trapping/detrapping
in the GaN microwire device. The procedures of trapping and
detrapping indicate the switching on/off-state of the GaN
microwire device, respectively. More specifically, electrons are
easily driven into the unfilled-traps by applying an electric field

(i.e., trapping), while they could escape from the filled-traps
due to the interfacial energy or stress effect (i.e., detrap-
ping).36−38 In addition, the conductance increases with pulse
trains in an abrupt manner (Figure 2e). A large conductive
channel can be formed under the sufficient pulse amplitude of
3 V, resembling the forming process and inducing more VN
trap states. After that, when applying pulse trains with a pulse
amplitude of 2.5 or 2.7 V again (Figure 3b−d), the
conductance appears to jump at the first applied pulse and
also shows a gradual increase with pulse trains under the effects
of Joule heat,39,40 interfacial energy or stress, and an electric
field.
Furthermore, the dynamical characteristics of the GaN

microwire device are investigated by using voltage pulse input.
As shown in Figure 3b, upon applying a voltage pulse (1 ms,
2.5 V), the GaN microwire device comes to show the
resistance transition to LRS with an incubation procedure,
which is induced by the field-driven electrons trapping through
the nitrogen vacancies. After the pulse voltage decreases to 0.1
V, the device exhibits the relaxation back to HRS over a decay
time (τdecay), as a result of detrapping induced by the interfacial
energy or stress effect. The current relaxation curve can be well
fitted by using the basic exponential function (the inset of
Figure 3b): I(t) = I0 + α × exp(−t/τdecay), where I(t) and I0 are
the corresponding currents at the time of t and the original
state, respectively, and α is a factor constant. The current
relaxation process is also presented by a triangle pulse (2 ms, 4
V) on the device in Figure S5. The τdelay can be effectively

Figure 3. Short-term plasticity of the GaN microwire device. (a) The mechanism illustration for the procedures of field-driven trapping and
interfacial energy/stress induced detrapping. (b) The temporal response to an input voltage pulse (1 ms, 2.5 V). The inset shows the current
relaxation (decay) process after the device switching off (also shown in Figure S5). The relaxation (or decay time, τdelay) can be tuned from 3 μs to
2 ms via a controlled voltage pulse. (c) Paired-pulse facilitation (PPF) characteristic demonstration. The current response (orange) to the input
voltage pulse trains (2.7 V, 1 ms, 15 pulses). The inset blue rectangle shows the scheme of the pulse trains with 1 ms pulse time and 3 ms interval
time (Δt). (d) The change in conductance (synaptic weight, Δw) as a function of pulse number (2.7 V, 1 ms) with different Δt (0.5, 3, 10, and 100
ms), demonstrating the PPF and PPD characteristics. A shorter Δt leads to a larger percentage of Δw change, which will turn to be negative when
the Δt reaches 100 ms.
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tuned from 3-μs-scale to 2 ms-scale by controlling the pulse
parameters including voltage bias and duration time, which is
in analogy to the response dynamics of short-term plasticity of
the biological synapse.
The paired-pulse facilitation (PPF) (or paired-pulse

depression, PPD) characteristic is one of the key features in
the biological synapse, and the synaptic strength will be
temporally enhanced (or reduced) with repeated stimuli.
Figure 3c demonstrates the PPF characteristic of the
piezotronic synapse. The output conductance (i.e., synaptic
weight, Δw) of the GaN microwire device obviously shows an
increase by applying pulse trains of 1 ms pulse time and 3 ms
interval time (Δt). The frequency of applied pulses (i.e.,
different period of Δt) to synapses can induce an increase or
decrease in postsynaptic responses, leading to PPF or PPD in
short-term plasticity.9,35 When Δt is short (e.g., 0.5−10 ms),
the output conductance increases from the original state with
the increase of pulse trains, demonstrating PPF, and the
conductance could significantly increase by about 7 times as
reducing the Δt from 10 to 0.5 ms. Conversely, a long Δt (e.g.,
100 ms) would lead to a decrease of conductance in pulse
trains (exhibiting PPD), due to the relaxation behavior of the
device at low-frequency stimulation. Furthermore, when a
stimulus is temporarily stored in the short term memory, the
information will be forgotten or permanently transferred to the
long-term memory with a process of rehearsal.42 Figure S6
illustrates short-term to long-term potentiation transition of
the GaN microwire device with two repeated pulse trains.
Although its conductance has a certain degree of decay both

after first and second pulse trains, the device shows the
possibility of long-term potentiation with the repeated
rehearsal trains. Resembling the biological synapse, the GaN
microwire device is capable to emulate multiple synaptic
functions, such as PPF and PPD, and will be suitable for tactile
or related signal processing.
GaN is a kind of typical piezotronic material, which has

coupling effects of semiconductor and piezoelectric properties,
so it will extend the applications including electrical and
mechanical performance. And thus, the GaN microwire device
has a unique capability of strain sensing, except for emulating
the biological synaptic functions, due to the piezotronic effect.
To elucidate the piezotronic effect in the GaN microwire-
based synapse, we establish a homemade testing setup
composed of a stress loading apparatus and a semiconductor
tester with a pulse module, as schematically shown in Figure
4a. The change in synaptic weight can be monitored in real-
time with the input voltage pulse trains under stress-free or
stress conditions. That is, the piezotronic effect of the GaN
microwire device is investigated in the pulse mode. Figure 4b
illustrates the mechanism of the piezotronic synapse. The
nitrogen vacancies (VN) at the knot of the device can be
controlled by the piezo-potential induced by the applied
compressive stress and redistribute at the positive charge side,
which may affect the synaptic behavior of the GaN microwire
device. The band diagrams of the device without/with the
compressive stress are shown in Figures 4c and 4d,
respectively, to further understand the mechanism. The knot
region filled with a large number of VN is considered as a

Figure 4. Piezotronic modulated plasticity of the GaN microwire device. (a) Schematic illustration for piezotronic measurement of the device. With
applying compressive stress on the device, the change in output current can be monitored as the input voltage pulse trains. (b) Schematic
illustration for the nitrogen vacancies (VN) at the knot of the GaN microwire can be controlled with the applied compressive stress. (c, d) The band
diagrams of the device without/with compressive stress in piezotronic effect, respectively. (e) The output currents response to different
compressive stress (from 0 to −0.44%), when the input voltage pulse (Vin) is 3 V. (f) The synaptic weight change as a function of pulse number
(2.7 V, 1 ms; Δt: 3 ms) with different compressive stress (0%, −0.25%, and −0.36%). Larger stress could result in a larger percentage of Δw
change. (g) The Δw enhancement significantly increases with the increase of the applied compressive stress (from 0% to −0.81%) after input 10-
pulse trains. As it derived, the gauge factor (GF) for strain sensing is as high as 736.
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variable barrier,23,41 and the VN acting as traps contribute to
the transport of electrons. Under a voltage bias, the band is
inclined to be tilted, and electrons would accumulate at the
interface of the knot, which will transport via thermal emission
or tunneling (Figure 4c). By applying a compressive stress, the
tilted band is compensated by the introduced piezo-potential
due to the piezotronic effect (Figure 4d). The accumulation
and transport of electrons are also decreased. By using another
applying voltage strategy, i.e., input pulses, we may be able to
more clearly understand the process of the accumulation and
transport of electrons under the piezo-potential. The output
current shows a decrease in response to different compressive
stress (from 0 to −0.44%), as shown in Figure 4e, which is
consistent with the analysis of the band diagram on the
piezotronic effect. The synaptic weight updates as a function of
pulse number (2.7 V, 1 ms; Δt: 3 ms) with different
compressive stress (0%, −0.25%, and −0.36%) are illustrated
in Figure 4f. Loading a larger stress could lead to a larger
percentage of Δw change. Specifically, the synaptic weight
shows a pronounced enhancement of 330% with the increase
of the compressive stress from 0% to −0.36%, as a result of
effective electrons transport modulation by the piezotronic
effect in pulse mode. To think from another point of view, the
piezotronic synapse has a capability for strain sensing and can
act as a strain sensor. By increasing the applied compressive
stress from 0 to −0.81%, the Δw enhancement shows a nearly
linear increase by 6.5 times after input 10-pulse trains, as
shown in Figure 4g. Based on monitoring the Δw enhance-
ment, we can directly obtain the compressive stress condition,
and the gauge factor (GF) for strain sensing (ranging from 0 to
−0.81%) is as high as 736.
In summary, a single GaN microwire-based piezotronic

synapse can simultaneously achieve the capabilities of tactile
sensation and transmission, which is very significant to simplify
the complexity of the artificial sensory system. The device
exhibits the threshold switching behavior and emulates the
short-term synaptic functions of the biological synapse, as well
as low energy consumption (Figure S7). The dynamics of the
device is considered such that nitrogen vacancies acting as
electron traps contribute to the formation of electron transport
channels at the knots of the bamboo-shaped GaN microwire.
Under the piezotronic effect of the wurtzite GaN with
inputting pulses, the device can be used to strengthen synaptic
weight updates (e.g., 330% enhancement at a compressive
stress of −0.36%) and provide a high gauge factor for strain
sensing of about 736. Looking forward, the piezotronic synapse
enables the neuromorphic hardware achievement of the
perception and transmission of tactile information in a single
micro/nanowire system, demonstrating an advance in
biorealistic artificial intelligence systems.
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