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The gallop of artificial intelligence ignites urgent demand on information processing systems with ultralow
power consumption, reliable multi-parameter control and high operation efficiency. Here, the poly(vinylidene
fluoride-trifluoroethylene) (P(VDF-TrFE)) wrapped InGaAs nanowire (NW) artificial synapses capable to operate
with record-low subfemtojoule power consumption are presented. The essential synaptic behaviors are mimicked
and modulated effectively by adjusting the thickness of top P(VDF-TrFE) films. Moreover, the long-term
depression is realized by applying visible light (450 nm) because of the negative photoconductivity of InGaAs
nanowires. Combined with optimal P(VDF-TrFE) films, the synaptic devices have the more linear long-term
potentiation/depression characteristics and the faster supervised learning process simulated by hardware neu-
ral networks. The Pavlovian conditioning is also performed by combining electrical and infrared stimuli.
Evidently, these ultralow-operating-power synapses are demonstrated with the brain-like behaviors, effective
function modulation, and more importantly, the synergistic photoelectric modulation, which illustrates the
promising potentials for neuromorphic computing systems.

1. Introduction

In the past decade, the rapid development of information and
communication technologies have made our human life much more
convenient and comfortable [1]. Unsurprisingly, the heavy utilization of
artificial intelligence, big data, global network integration and Internet
of Things are all constantly challenging the performance limits of von
Neumann’s classical computer architecture, the mathematics-based
system that almost every computer was built on since its first develop-
ment in 1948 [2-4]. In this way, there is an urgent need to realize a more
efficient and low-operating-power processing scheme for large amounts
of unstructured data in order to sustain the future technology revolution.
Generally, human brains have one of the most sophisticated structures,
which can process and store large quantities of data simultaneously with
high-speed and ultralow power consumption [5]. Inspired by human

* Corresponding author.

brains, the neuromorphic computing technology based on artificial
neural network architectures is proposed and rapidly developed [6,7].
Due to the variability of the weight of synaptic connections, the artificial
synapses usually have the higher precision and the more robustness in
dealing with unstructured data [8,9]. However, these systems will
inevitably generate a lot of redundant data during calculation [10],
where the associated high-power consumption becomes one of the
biggest problems, hindering the further development of the neuro-
morphic computing technology [11]. It is therefore significant to
fabricate the artificial synaptic devices with ultralow power consump-
tion and uncomplicated methods.

Lately, due to the advantages of ferroelectric polymers, including the
compatibility with solution processing schemes and flexible substrates,
the fatigue-free remnant polarization and controllable polarization in-
tensity, the ferroelectric polymers can control accumulation, depletion
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and retention of carriers in the semiconducting channel by polarization
switching; hence, great efforts have been made to explore artificial
synaptic devices with ferroelectric polymers [12-16]. At the same time,
among many candidate device structures and materials,
one-dimensional (1D) nanomaterials, such as nanowires (NWs) and
nanotubes (NTs), have the analogous topology to tubular axons, which
has the great influence on processing data in biological systems [2].
Combined with the characteristics of high surface-to-volume ratio,
efficient charge carrier transport and effective light response to specific
wavebands, these 1D nanomaterials are widely projected to perform
more flexibly to regulate synaptic activities in an ultralow power
manner [17-19].

In this work, we propose and demonstrate the artificial synaptic
field-effect transistors (FETs) by wrapping InGaAs NWs with P(VDF-
TrFE). In specific, two-step chemical vapor deposition (CVD) method
was adopted to synthesize highly crystalline InGaAs NWs. The wrap-
around ferroelectric P(VDF-TrFE) film was prepared in ambient atmo-
sphere by direct spin-coating. Owing to the high surface-to-volume ratio
of InGaAs NWs, the well-defined synaptic functions can be readily
achieved through modulating the degree of polarization of the wrap-
around ferroelectric P(VDF-TrFE) film according to the electrical stim-
ulus and the different film thickness. Remarkably, subfemtojoule-level
energy consumption per synaptic event is realized by these InGaAs
NW synaptic devices with wrap-around P(VDF-TrFE) films, which pre-
sents the record-low energy consumption among all state-of-the-art
artificial synaptic devices. Moreover, because of the negative photo-
conductivity phenomenon of InGaAs NWs, the fabricated synaptic de-
vices can reliably perform long-term potentiation/depression (LTP/
LTD) via both electrical and visible light (450 nm) stimuli, respectively.
Notably, the hardware neural network is also simulated for supervised
learning, exhibiting the accuracy over 80%. The classical Pavlovian
conditioning can as well be achieved by combining the electrical stim-
ulus together with the infrared stimulus (1550 nm). All these results
evidently indicate the promising potential of ultralow-power InGaAs
NWs artificial synaptic devices for practical utilization in next-
generation synaptic electronics.
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2. Results and discussion

InGaAs NWs used in this work were synthesized via the two-step
catalytic solid-source CVD method reported before [20,21]. Fig. la
shows the schematic illustration of the CVD step up for the NW syn-
thesis. Once the NW growth finished, scanning electron microscopy
(SEM) was first performed on the obtained NWs. It is seen that the NWs
are dense, long and thin with smooth surface and uniform diameter
along the axial direction (Figs. 1b and S1a). Next, based on the trans-
mission electron microscopy (TEM) findings, the NWs have typical di-
ameters of ~30 nm with spherical catalytic seeds clearly observed at the
tips (Fig. 1c), which confirms the vapor-liquid-solid (VLS) growth
mechanism of the NWs [22-25]. Energy-dispersive X-ray spectroscopy
(EDS) is then used to assess the composition of InGaAs NWs, which
determines the composition of InyGa; xAs with x being about 0.47
(Fig. S1b). The corresponding elemental mappings were also collected
on a representative NW, illustrating the homogenous distribution of In,
Ga and As along the NW body (Fig. S2). Combined with the obvious
lattice fringes with a spacing of 0.34 nm between adjacent lattice planes,
corresponding to the <111> dominant direction of the Ing 47Gag 53As
NWs (Fig. 1d), high-quality InGaAs are successfully obtained here.

After that, the ferroelectric P(VDF-TrFE) wrapped InGaAs NW arti-
ficial synaptic devices were configured in the global back-gate geometry
as shown in the device schematic in Fig. 1e. The P(VDF-TrFE) film was
fabricated via spin-coating in ambient atmosphere, which wrapped
around the InGaAs NW channel and served to modulate the synaptic
device behaviors [26]. Fig. S3a and b illustrate the molecular structure
of P(VDF-TrFE) and give the SEM image of the device without any P
(VDF-TrFE) film, respectively. In fact, it is widely studied that the
native oxide on the NW surface would induce charge traps on the
channel surface, yielding different hysteresis windows under sweeping
with different gate voltage (V) [27,28]. Hence, it is essential to inves-
tigate this hysteresis effect before depositing the P(VDF-TrFE) film. It is
found that our pristine device exhibits the obvious hysteresis window
shift under a voltage of pulse of 50 V (Fig. 1f), perfectly consistent with
the previous findings in the community. These changes of hysteresis
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Fig. 1. Growth setup and characterization of obtained NWs and their devices. (a) Schematic illustration of the CVD setup for the NW synthesis. (b) SEM image of the
InGaAs NWs grown on Si/SiO,_ (c) TEM image of the InGaAs NW with the inset showing the corresponding high-magnification image of the NW body within the red
colored box. (d) HRTEM image of the InGaAs NW. Inset gives the corresponding high-magnification image of the NW region indicated by the red colored box. (e)
Schematic illustration of the synaptic device structure. (f) Transfer characteristic curves of the device without any P(VDF-TrFE) film before and after the

voltage pulse.
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windows are mostly attributed to the charge trapping by native oxides
and surface defect states, where the native oxides are clearly observed in
the HRTEM images of NWs (Fig. S4) [29,30]. After a large voltage pulse,
large amounts of charge carriers would be induced in the channel to fill
all the defect states, which causes the narrowing of the hysteresis win-
dow. In any case, this charge trapping is temporary and the hysteresis
window will recover to its initial condition after a while.

It is as well noted that the thickness of P(VDF-TrFE) film dictates its
polarization intensity under the same electrical stimulus [26]. It is
therefore critical to evaluate the optimal film thickness of P(VDF-TrFE)
for our NW devices. For better characterization and optimization,
different thickness of P(VDF-TrFE) films were prepared on Si/SiO2 in
ambient atmosphere and carefully studied. By simply increasing the
spin-coating cycles, four different film thickness of 58, 112, 140 and
171 nm were obtained (Fig. S5), while the root-mean-square (RMS)
surface roughness of the films was found to increase from 5.45 to
14.5 nm, accordingly (Fig. S6). This slightly increased RMS surface
roughness is manageable and anticipated for the thicker films without
any noticeable pinholes and cracks. All fabricated films show the intact
surface morphology without any noticeable pin holes (Figs. S7 and S8),
offering high-quality P(VDF-TrFE) films for subsequent studies.

Technically, when P(VDF-TrFE) films are exploited as gate di-
electrics, they often require a relatively large thickness to minimize
leakage current, leading to the need of a high gate bias voltage for device
operation. Here, by wrapping around the NW with P(VDF-TrFE) as an
envelope structure on top of the device, the conflict between leakage
current and high operating voltage can be cleverly circumvented [31].
In this case, the electrical performance of InGaAs NW synaptic devices
with different P(VDF-TrFE) thickness are cautiously evaluated and
depicted in Fig. 2 with the corresponding optical image of the device
shown in Fig. S9a. The NW diameters are ensured to be similar across all
the devices in order to achieve a fair comparison. It is witnessed that
there are obvious changes in the hysteresis window and the trans-
conductance (G) of devices with different P(VDF-TrFE) thickness
(Figs. 2a-d). The hysteresis window can be simply determined by
calculating the voltage difference when the positive and negative
sweeping curves are extended down to the x-axis in the transfer char-
acteristic curves of devices. The Gy, value of devices is obtained by
following the relationship of Gy, = (dIpg)/(dV) at a constant Vpg, where
Ips, Vg and Vpg are the source-drain current, gate voltage and
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source-drain voltage, respectively. Interestingly, once the 58 nm thick P
(VDF-TrFE) film is deposited, the hysteresis window would decrease
(Fig. 2a). Simultaneously, X-ray diffraction (XRD) is used to assess the
crystallinity of different thickness of P(VDF-TrFE) films. Among all the
spectra collected, there are the same obvious peak observed at near
20 = 20°, corresponding to the p-phase domain of P(VDF-TrFE)
(Fig. S9b) [15]. In contrast to the a and y phase, the molecular dipoles
of the fB-phase are all well aligned in the same direction, thereby
demonstrating a large spontaneous polarization [32]. Also, as the film
thickness increases, the peak intensity is found to increase correspond-
ingly, indicating the better film crystallinity and hence the stronger
polarization under the same stimulation of Vg bias. When the P
(VDF-TrFE) film is very thin, the strength of ferroelectric polarization
is inconspicuous, mainly playing a role in passivating the surface defect
states of NW channels such that the hysteresis window and Gy, value
would decrease and increase, respectively, as compared with the devices
without any P(VDF-TrFE) films (Fig. 2a) [27,33]. As the film goes
thicker, the polarization effect becomes more dominant, which induces
the widening of the hysteresis window. Fig. S10 shows the transfer
characteristic curves of devices with thick P(VDF-TrFE) films in the
semi-logarithmic scale, clearly demonstrating the increase of hysteresis
window and the same on/off current ratio of ~10°.

As compared with the previous works of using P(VDF-TrFE) films as
gate dielectrics, the P(VDF-TrFE) wrapped NW devices are found to have
the clockwise hysteresis windows, instead of the counter-clockwise ones
[34,35]. As depicted in the schematic diagrams in Fig. S11, for Vg = 0,
there is no electric field externally applied from the gate such that the
molecular dipoles would disorderly distribute in the P(VDF-TrFE) film
(Fig. S11a). When Vg = —10V, the positively charged ends of the di-
poles would get attracted and arranged downwards (Fig. S11b). This is a
kind of effective Vg enhancement for n-type semiconductors with
additional carriers induced in the NW channel; therefore, the threshold
voltage (Vi) shifts to the negative voltage direction and the Gy, values
increase correspondingly (Figs. 2b-d). On the contrary, at Vg =10V,
the arrangement of molecular dipoles is reversed, swapping up and
down and contributing to the effective Vg reduction for n-type devices
(Fig. S11c). The electrons are then quickly depleted in the NW channel,
resulting in the larger clockwise hysteresis window [26,36]. The transfer
characteristic curves of the devices with different P(VDF-TrFE) thickness
and Vg measurement ranges are also shown in Figs. 2e and f as well as
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Fig. 2. Electrical studies of P(VDF-TrFE) wrapped InGaAs NW synaptic devices. (a)-(d) Transfer characteristic curves of synaptic devices with different P(VDF-TrFE)
thickness. Transfer characteristic curves with different Vg measurement ranges with (e) 140 nm and (f) 171 nm thick P(VDF-TrFE) films. Statistical data of (g) Gy, and
(h) hysteresis window of the synaptic devices with different P(VDF-TrFE) thickness.
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Fig. S12a. Moreover, Fig. S12b depicts the transfer characteristic curves
of the device with a 140 nm thick P(VDF-TrFE) film when the larger Vg
biases are applied. It is explicit that the larger Vg measurement range
causes a stronger polarization electric field in P(VDF-TrFE), which yield
the more obvious Vg enhancement in the negative gate bias and Vg
reduction in the positive gate bias [37]. In virtue of the advantages of 1D
NW and top envelope structures, a relatively thin P(VDF-TrFE) film can
be employed to effectively modulate the synaptic device in a
low-operating-voltage manner without concerning about the leakage
current. The statistical results of Gy, and hysteresis widow as a function
of different P(VDF-TrFE) thickness are as well shown in Figs. 2g and h.
The corresponding hysteresis window decreases first and then increases
with the average value changing from 3.8 V (initial) to 7.4 V (171 nm
thick film). It is perfectly consistent with the previous conclusion that
the thinnest P(VDF-TrFE) film is mainly for the surface passivation of
NW channels while the polarization modulation effect would enhance
with the increasing film thickness. The statistical data of G, and hys-
teresis widow with different P(VDF-TrFE) thickness are also presented in
Fig. S13.

In biological synapses, the presynaptic terminal typically receives
signals with different strengths and induce the changes of potential in
the postsynaptic terminal through a neurotransmitter [38]. Owing to the
features of remanent polarization and coercive field in ferroelectric
materials, the P(VDF-TrFE) wrapped InGaAs NW artificial synaptic FETs
are demonstrated to successfully mimic the behaviors of a biological
synapse. The presynaptic spikes are applied through the V¢ pulse while
the postsynaptic output current (PSC) will be triggered by the polarized
P(VDF-TrFE) film. As shown in Fig. S11b, when a negative Vg pulse is
applied, the P(VDF-TrFE) film will be polarized accordingly. The rise of
the PSC with different V¢ is then corresponded to the excitatory post-
synaptic current (EPSC) behavior [13]. To be specific, Fig. 3a illustrates
the schematic of a biological synapse, whereas Fig. 3b shows the EPSC
responses of the NW synaptic devices with a 112 nm thick P(VDF-TrFE)
film. The duration of pulse (tq) and the Vpg bias are fixed at 1 ms and
0.4V, respectively. It is obvious that the increasing amplitude of Vg
yields the rapid increase in EPSC, which is consistent with the synaptic
behavior. With regard to the retention capability of the devices, two
essential synaptic functions can be categorized into short-term plasticity
(STP) and long-term plasticity (LTP) by a temporal or persistent change
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in the synaptic weight [39]. When a pulse of —5 V for 1 ms is applied to
the gate, EPSC rises followed by a quick decay to its initial state in a few
seconds, indicating the STP characteristics. Further increasing the
amplitude of the gate pulse would make the higher EPSC together with
the increase of the relaxation time to tens of seconds, designating the
transition from STP to LTP [40]. In order to emulate the continuous
change of weight in the successive neural activity, paired-pulse facili-
tation (PPF) is introduced [41]. PPF demonstrates that synapses can
inherit and adjust the weight based on the time between paired spikes.
In this case, two consecutive presynaptic Vg spikes (1 ms, —10 V) with
the interspike interval (ATime) changing from 100 ms to 800 ms are
applied to mimic the PPF behavior in the NW synaptic device with a
112 nm thick P(VDF-TrFE) film (Fig. S14). As depicted in Fig. 3¢, EPSC
triggered by the second Vg spike (ATime = 100 ms) is obvious larger
than that induced by first spike, which is a characteristic indication of
the PPF behavior. This PPF phenomenon observed in the ferroelectric P
(VDF-TrFE) wrapped InGaAs NW FET is attributed to the polarization
accumulation of ferroelectric materials. The ratio of the two different
EPSC peaks (A2/A1) can then be used to define the PPF index for the
device integrated with a 112 nm thick P(VDF-TrFE) film. This PPF index
is plotted as a function of ATime and shown in Fig. 3d. It is revealed that
the PPF index would decrease with the longer ATime of paired spikes
and the maximum PPF index value is found to be 117%. In the nervous
system, the pulse interval dependent decay of the PPF index can be
expressed utilizing a double exponential decay function as presented in
the inset of Fig. 3d [42]. The yy is the PPF index when the pulse interval
approaches to infinity. C; and Cy are the initial facilitation magnitudes
of the respective phases. The 11 and 75 are the decay constant of the
rapid phase and the slow phase, respectively. The equation is used to fit
the measured pulse-interval dependence of the PPF, where t; and 75 are
determined to be 92 ms and 113 ms, accordingly. All these indicate that
the PPF effect can be successfully mimicked by the ferroelectric P
(VDF-TrFE) wrapped InGaAs NW FET.

As discussed above, the thicker P(VDF-TrFE) film would bring the
stronger ferroelectric electric field under the same electrical stimulation.
The EPSC measurement of the device with a 140 nm P(VDF-TrFE) film
are then shown in Fig. 3e and f. It is clear that the more effective
modulation of the NW synaptic FET is realized here. In explicit, when Vg
> —14V, the relaxation time of EPSC is about hundreds of seconds,
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Fig. 3. Synaptic behaviors mimicked in the P(VDF-TrFE wrapped InGaAs NW artificial synapses. (a) Schematic illustration of the biological synapse. (b) EPSC of the
synaptic device with the 112 nm thick P(VDF-TrFE) film, demonstrating the typical transformation from STP to LTP. (c) PPF behaviors of the typical InGaAs NW
synaptic device with the 112 nm thick P(VDF-TrFE) film. (d) Corresponding PPF index as a function of different pulse intervals. (e) and (f) EPSC of the synaptic device
with the 140 nm thick P(VDF-TrFE) film with different Vg pulses. (g) PPF of the synaptic device with the 140 nm thick P(VDF-TrFE) film. (h) Corresponding PPF

index as a function of different pulse intervals.



P. Xie et al.

which demonstrates the strong transformation from STP to LTP. The
synaptic weight change (AW) can be defined as AW = APSC/PSC, where
APSC is the difference of the current before and after applying the pulses
[40]. The AW parameter of the devices with two different thickness of P
(VDF-TrFE) films is illustrated in Fig. S15. In particular, the APSC value
is determined by the difference between the current obtained one second
before and five seconds after the pulse. Evidently, the synaptic device
with the thicker ferroelectric film has the larger weight change because
of the stronger polarization. In addition, the PPF behavior of the device
with a 140 nm thick P(VDF-TrFE) film is given in Fig. 3g. When
ATime = 100 ms, the maximum PPF index value reaches 221%, which
is much higher than the device with the thinner ferroelectric film,
showing the stronger modulation effect. Besides, the details of two
consecutive presynaptic Vg spikes (1 ms, —10 V) with ATime changing
from 100 ms to 800 ms are also depicted in Fig. S16. The t; and 15 pa-
rameters are extracted with the same equation in Fig. 3d with the value
determined as 100 ms and 160 ms, respectively. By mimicking the
biological nervous system, the artificial synapses can modulate the
synaptic weight to realize the spike-driven brain-inspired computing
systems [43]. However, at present, a relatively large power consumption
requirement impedes the development of brain-like computing with
artificial synapses. The energy consumption for a single spike event can
be estimated as E = Ieqx % t x V, where Ijeqi is the peak current flowing
across the device, t is the time width of the synaptic event and V is the
drain voltage [44]. In a particular case as shown in Fig. S17, the energy
consumption of a PPF event is estimated to be ~ 1.78 fJ with Vpg
= 0.1 mV and fixed Vg spikes (1 ms, —5 V). Remarkably, subfemtojoule
power consumption of ~ 0.84 fj per synaptic event is also realized,
which is the record-low energy consumption among all state-of-the-art
artificial synaptic devices with ferroelectric functional materials. This
ultralow energy dissipation of ferroelectric P(VDF-TrFE) wrapped
InGaAs NW devices is far below than that of human brain synapses (10 fJ
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per synaptic event) and other hardware-based artificial synapses espe-
cially using P(VDF-TrFE) as a functional layer (Table S1) [3,11,12,15,
16,45-51]. The such low energy consumption realized by this ferro-
electric functional layer wrapped NW device is possibly due to the ul-
trahigh surface-to-volume ratio of the NW as mentioned before.
Combining with the advantages of wrapped P(VDF-TrFE) film, the
modulation effect of ferroelectric film is more sensitive and efficient
than the conventional layer-by-layer structure. The high carrier mobility
of InGaAs NWs and high on/off current ratio of devices are also the
critical factors for devices capable to operate at this ultralow power
consumption. In future, the device channel length can be further shrunk
below the current design of 2 ym in order to reduce the energy dissi-
pation [52].

Interestingly, when the thickness of P(VDF-TrFE) film reaches
171 nm, the increasing polarization brings the synaptic devices the
stronger memory effect. As demonstrated in Fig. 4a, when the consec-
utive Vg spikes (100 ms, —10 V) with ATime =5 s are applied, EPSC
increases in a step-like manner, which means the synaptic weight rises
linearly. Besides, different amplitudes of V¢ spike are applied to evaluate
the EPSC behavior of the device (Fig. 4b). Once Vg spikes change from
—5 to —20 V with a fixed ty = 100 ms, EPSC decays slowly and has the
longer relaxation time than the devices with thinner P(VDF-TrFE) films.
After 20 s relaxation, EPSC decays for 14%, 19%, 41% and 57% with the
Vg spikes changing from —20 to —5 V, respectively. Furthermore, the
human memory model is also mimicked by the device with the 171 nm
thick P(VDF-TrFE) film. Fig. 4c demonstrates the EPSC behavior trig-
gered by a Vg spike (1's, —10 V). After the stronger stimulation is
applied, the relaxation time of wrapped P(VDF-TrFE) film NW synaptic
FET becomes longer, which has many similarities to the memory loss in
biological systems. Importantly, the curve fitting result indicates the
current decay process being consistent well with the Kohlrausch
stretched exponential function (Fig. S18) [41,53,54]. However, the
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Fig. 4. Mimicking memory behaviors of the thicker P(VDF-TrFE) wrapped InGaAs NW artificial synapses. (a) EPSC of the device (171 nm thick P(VDF-TrFE)) with
successive Vg spikes (—10V, 0.1 s and 5 s interval). (b) EPSC of the device (171 nm thick P(VDF-TrFE)) with a single Vg spike with different amplitudes from — 5V
to — 20 V. EPSC of the devices with (c) 171 and (d) 140 nm thick P(VDF-TrFE) films after a single Vg spike (—10V, 1 s).
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synaptic device with the 140 nm thick P(VDF-TrFE) film exhibits a
completely different charge storage capacity under the same Vg spike
(1s, =10 V). As illustrated in Fig. 4d, EPSC has an obvious decay after
applying the presynaptic spike and the current is dropped by 72% after
200 s. These results demonstrate that the thickness of wrapped P
(VDF-TrFE) film is crucial to achieve the brain-like function. The syn-
aptic device with the 140 nm thick P(VDF-TrFE) film is more sensitive
and has the better modulation capacity because of the appropriate po-
larization intensity. Once the thickness of the ferroelectric film increases
to 171 nm, the NW synaptic device yields the stronger memory func-
tions. It is attainable to mimic different brain-like functions through
adjusting the thickness of wrapped P(VDF-TrFE) films without con-
cerning about the leakage current.

It is intriguing that 1D NWs have many unusual photoelectric
properties, where negative photoconductivity (NPC) is one of the most
widely investigated phenomena [55,56]. The underlying mechanisms of
NPC are mainly attributed to light-assisted hot electron trapping in the
surface oxide, which severe as carrier scattering centers [57,58]. In
contrast to many artificial photoelectronic synapses where light stimu-
lation is always used as presynaptic stimulation to trigger the positive
EPSC, the LTD can be simply realized through successive light spikes
with the NPC phenomenon in our InGaAs NW synaptic devices here. In
order to investigate the LTP/LTD characteristics of the P(VDF-TrFE)
wrapped InGaAs NW artificial synapses, 100 excitatory and 100
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inhibitory spikes are applied to the devices. Fig. 5a demonstrates the
EPSC of synaptic device with a 140 nm thick P(VDF-TrFE) film triggered
and depressed by successive 100 electrical spikes. Among them, the
potentiation of synaptic weight is realized by negative Vg spikes (—10 V,
tg =1 ms, ATime = 1 s) while positive Vg spikes (10 V, ty = 1 ms,
ATime = 1 s) can achieve the depression of weight. The insets give the
two detailed images of weight enhancement and suppression. Owing to
the NPC phenomenon of InGaAs NWs, the P(VDF-TrFE) wrapped InGaAs
NW artificial synapses can realize the LTD through visible-range light
pulses. As depicted in Fig. 5b, 100 continuous 450 nm visible light
pulses are adopted (8 mW, tq = 0.5s, ATime = 0.5 s) to achieve the
LTD. The photoresponse of the synaptic devices with a 140 nm thick P
(VDF-TrFE) film is also investigated in Fig. S19. It is believed that the
wavelength of the light source plays an important role in NPC phe-
nomenon. Therefore, light with a shorter wavelength is easier to induce
the NPC behavior.

In general, hardware neural networks (HNNs) are systems designed
to carry out neural architectures and to implement leaning algorithms.
In this case, it is important to explore the LTP/LTD characteristics of our
devices under different P(VDF-TrFE) film thickness as well as varied
electrical/optical stimulations. As shown in Fig. 5c, the synaptic devices
with different P(VDF-TrFE) thickness and various depression stimuli are
modulated by 100 continuous potentiation/depression pulses. Besides,
the synaptic device with the 140 nm thick P(VDF-TrFE) film is also

Fig. 5. LTP/LTD characteristics and HNNs of P(VDF-TrFE) film wrapped InGaAs NW artificial synapses. LTP/LTD characteristics realized by (a) electric pulses (b)
electric and visible light pulses of devices with a 140 nm thick P(VDF-TrFE) film. (c¢) The three different LTP/LTD characteristics. The fitted curves and NL values of
LTP/LTD characteristics realized by electric pulses with the (d) 112 nm thick and (e) 140 nm thick P(VDF-TrFE) film devices. (f) The fitted curves and NL values of
LTP/LTD characteristics realized by electric and visible light pulses with the 140 nm thick P(VDF-TrFE) film device. (g) Supervised learning on the MNIST database.
(h) Demonstration of the SLP artificial neural network. (i) The training process of the corresponding three LTP/LTD characteristics.
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modulated by 100 continuous depression visible light pulses. The LTP/
LTD data are then collected and compiled in Fig. 5d—f with the curve
fitting that employs the following formula [59]:

_P
Gp =B 1—e< > + G ¢))
()
Gp= —B|1-e + Ginax @
Gmax - Gmin
B= B — (3)
1l —e 2

where Guax, Gmin @and Ppax are directly extracted from the experimental
data, representing the maximum weight, minimum weight and the
maximum number of pulses required to switch the device between the
minimum and maximum weights, respectively. The value of 100/A is
redefined as a nonlinearity (NL) parameter. This way, when the NL value
is closer to 0, the regulation behaviors of conductance will become more
linear and vice versa (Fig. S20). On the one hand, for devices of different
P(VDF-TrFE) thickness, the LTP’s NL values have an obvious difference
(Fig. 5d and e). Since the thicker ferroelectric film has the more ferro-
electric domains, under continuous pulses of constant intensity, the in-
tensity of polarized electric field generated by the ferroelectric film is
more likely to change linearly. For devices using different depression
stimulation with the same P(VDF-TrFE) film (Fig. 5e and f), the LTD’s NL
values of the device with visible light pulses is significantly lower. The
fitted NL data are as well compiled in Fig. S21a. Important, LTP and LTD
are essential for the implementation of low-power neuromorphic
computing [60,61]. However, when the linearity is at a low level, the
pulse numbers will be dominating. Therefore, an increase in
one-sided-level numbers can eventually reduce the harmful influence of
nonlinearity, which means that the low nonlinearity makes it appealing
to achieve the better computation accuracy [62].

At the same time, the weight updating in HNNs can be determined
from the LTP/LTD characteristic curves, which are strongly dependent
on the number of pulses and the NL values. In order to make metadata
effectively train the model in HNNs and solve the problems of narrow
weight distribution, the normalized conductance value calculated by the
following formula:

G, — Gin

Gﬂm’m - Gmax - Gmin (4)

where Gporm is conductance after normalization, G, is conductance
values of the current state, G, and Gpax are the maximum conductance
and minimum conductance, respectively, are employed. To be specific,
the normalized conductance of devices is shown in Fig. S21b, which will
be used for the HNNs weight update algorithm subsequently investi-
gated. A HNN was simulated for the supervised learning on the MNIST
(Modified National Institute of Standards and Technology) database
(Fig. 58) [63,64]. A single layer perceptron (SLP) HNN with 784 input
neurons and 10 output neurons was used for the simulation as shown in
Fig. 5h. The HNN algorithm with an analog weight updating was
exploited in the simulation by inputting the conductance modulation
properties [65]. The 784 input neurons correspond to 28 x 28 pixels of
the MNIST image data, while the 10 output neurons link to 10 classes of
digits (0-9). Technically, the update algorithm employs the method of
unidirection with the flowchart compiled to illustrate the training pro-
cedure in Fig. S22 [66]. The training process is also shown in Fig. S23
with all the detailed “counted” data presented in Fig. 5i and the accuracy
of training is finally over 80%. Moreover, the synaptic device with a
140 nm thick P(VDF-TrFE) film would achieve the training effect with
the less training times. Considering the quest of ultralow power
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consumption of the ferroelectric wrapped NW synaptic devices, the
fewer training times can substantially reduce the power consumption in
the supervised learning process, which indicates the great application
potential of our devices in the neuromorphic computing technology.

In order to illustrate the practical utilization, the classical Pavlovian
conditioning, also known as a simple associative learning, can be suc-
cessfully realized by the P(VDF-TrFE) wrapped InGaAs NW synaptic
devices [67]. Owing to the light response in the infrared band of InGaAs
NWs, both electrical and infrared pulses could be adopted to mimic the
associative learning [68]. As discussed above, the electrical pulses can
trigger the P(VDF-TrFE) film to generate a polarized electric field to
induce the EPSC behavior. In explicit, the electrical pulses applied at the
gate can emulate food (unconditioned stimulus, US) to activate saliva-
tion, which is defined as an unconditioned response (UR). Meanwhile,
the stimulation with infrared pulses were adopted as the bell (condi-
tioned stimulus, CS) to stimulate a conditioned response (CR). The de-
tails of two different stimulations and the infrared response of the
synaptic device are shown in Fig. 6a and b. During the synergistic
photoelectric modulation, the CS is completely covered by the US to
achieve the associative learning process [69]. Similar to the previous
works [70,71], when the bell ring was imitated by a series of infrared
pulses in the first time, as depicted in Fig. 6¢, the salivation simulated by
EPSC is not activated (EPSC < 85 nA). However, after combining the
stimulation of bell and food, the EPSC would increase above the
threshold and the dog will salivate after hearing the ring. When the
single stimulation of food was adopted, the EPSC will return to the same
level (~ 80 nA) as the final training after a relatively short relaxation
time. Furthermore, the mixing stimulation is used again to strengthen
the effect of learning. It is obvious that the EPSC is higher than that of
the initial training and the salivation is triggered by bell successfully
after a longer relaxation time, which infers that the association between
CS and US can be sustained for a long time.
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Fig. 6. The mimicking of Pavlovian conditioning by synergistic photoelectric
modulation. (a) The combination of electrical and infrared pulses. (b) The
response in the infrared band of synaptic devices. (¢) Mimicking the Pavlovian
conditioning through electrical and infrared pulses.
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3. Experimental section
3.1. Synthesis and characterization of nanowires

InGaAs nanowires were synthesized on SiO,/Si wafer pieces (50 nm
thick thermally grown oxide) in a two-zone horizontal tube furnace
using a chemical vapor transport method. The mixed InAs and GaAs
powders (with the ratio of 1:9 in wt%) were loaded into a boron nitride
crucible at the upstream zone of the furnace. The growth substrate pre-
deposited with a 0.5 nm thick (nominal thickness) Au film as the catalyst
was set at the downstream zone. The temperature of the downstream
zone was first elevated to 800 °C and kept for 10 min. Then, the tem-
perature of the downstream zone was cooled directly to the growth
temperature (660 °C). When the source temperature reached the
designated value (820 °C), the first nucleation step began. After
1-2 min, the downstream was stopped with the heating and then cooled
to a second step growth temperature (580 °C). Finally, the second step
growth lasted for 40 min. The hydrogen (99.9995%) was used as a
carrier gas during the entire growth process with the flowrate main-
tained at 100 sccm.

3.2. Synaptic NW FET fabrication and characterization

Drop-casting was adopted to disperse the NWs on the Si/SiO2 sub-
strate. Photolithography was utilized to define the source and drain
regions, while 50 nm thick Ni was thermally deposited as the top elec-
trodes followed by the lift-off process. The P(VDF-TrFE) with a molar
ratio of 70%/30% was dissolved in diethylcarbonate with the concen-
tration of 25 mg/ml. The thickness of P(VDF-TrFE) film was controlled
by number of cycles of the spin-coating process and every spin-coating
process had the fixed parameters of 3500 rpm for 20 s. Four different
film thickness were corresponded to one to four cycles of spin-coating
process. All P(VDF-TrFE) films were annealed at 115 °C for 10 min
and 135 °C for 4 h after every spin-coating process. The electrical per-
formance of the P(VDF-TrFE) wrapped InGaAs FET was then charac-
terized with an Agilent 4155 C semiconductor analyzer (Agilent
Technologies, Santa Clara, CA). The morphologies and EDS mapping of
as-prepared NWs were examined using scanning electron microscopy
(SEM, Quanta 450 FEG, FEI) and high-resolution transmission electron
microscopy (HRTEM, Thermo Scientific, Talos F200X). The crystallinity
and morphologies with different thickness of P(VDF-TrFE) films was
confirmed by XRD (D2 Phaser with Cu Ka radiation, Bruker) and atomic
force microscopy (Bruker Dimension Icon AFM).

4. Conclusion

In summary, the ferroelectric P(VDF-TrFE) wrapped InGaAs NW
artificial synapses capable to operate with the subfemtojoule power
consumption per synaptic event is presented. It is demonstrated that the
essential bio-synaptic behaviors, such as PPF and EPSC, can be reliably
mimicked and effectively modulated through adjusting the thickness of
P(VDF-TrFE) films. More importantly, as compared with the pure elec-
tric modulation, visible and infrared lights are introduced separately to
achieve the more linear LTD characteristic as well as the Pavlov’s
associative leaning via negative and positive photoconductivity,
respectively. Furthermore, the more linear LTP/LTD characteristics can
lead to the supervised learning process (accuracy > 80%) with the fewer
training times, substantially reducing the energy consumption.
Evidently, the synergistic photoelectric modulation is introduced into
the ferroelectric wrapped InGaAs NW artificial synapses for the
ultralow-power operation, which shows the promising potentials for
neuromorphic computing systems based on low-dimensional
nanomaterials.
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