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Abstract
In this work, an artificial electronic synaptic device based on gate-all-around InAs nanowire field-effect transistor is
proposed and analyzed. The deposited oxide layer (In2O3) on the InAs nanowire surface serves as a charge trapping
layer for information storage. The gate voltage pulse serves as stimuli of the presynaptic membrane, and the drain
current and channel conductance are treated as post-synaptic current and weights of the postsynaptic membrane,
respectively. At low gate voltages, the device simulates synaptic behaviors including short-term depression and
long-term depression. By increasing the amplitude and quantity of gate voltage pulses, the transition from short-term
depression to long-term potentiation can be achieved. The device exhibits a large memory window of over 1 V and
a minimal energy consumption of 12.5 pJ per synaptic event. This work may pave the way for the development of
miniaturized low-consumption synaptic devices and related neuromorphic systems.
Keywords: InAs nanowires, Artificial synapses, Gate-all-around field-effect transistor, Synapse function
Introduction
Nowadays, with the rise of artificial intelligence (AI), the
computing power of current computers based on the von
Neumann architecture is facing challenge. The processor and memory of computers based on von Neuman
architecture are separated, which leads to low computing efficiency. Compared with von Neumann computing,
neuromorphic computing based on human brain has the
advantages of adaptive learning, high parallel computation, and low energy consumption [1–3]. In these days,
research on neuromorphic systems that mimic the function of the human brain has made great progress in terms
of materials, structures and mechanisms. Artificial synapses based on different structures, including transistors [4–6], phase-change memories [7–9] and amnestic
blockers [10–12], have been developed. Compared with
other structural artificial synaptic devices, field-effect
*Correspondence: xzhang@bupt.edu.cn; xyan@bupt.edu.cn
State Key Laboratory of Information Photonics and Optical Communications,
Beijing University of Posts and Telecommunications, Beijing 100876, China

transistors (FETs) have the advantages of high resistance,
low noise, low power consumption, large dynamic range
and easy integration, offering better variability and reliability. FETs based on III-V compound semiconductors
have excellent material properties and good suppression
of short-channel effects, making them one of the candidates for future high-speed applications [13–15].
One-dimensional nanowires (NWs) with high surfacevolume ratio increase the possibility of electron capture,
showing much stronger charge trapping effect. Most
semiconductor NWs are single crystal structures with
high crystal quality, which can improve device performance and extend life. Semiconductor NWs can reduce
the size of the device and improve the integration degree,
thus greatly reducing the power consumption of the
device. Previously, dozens of silicon-based transistors
were used to simulate synaptic functions [16, 17]. However, the energy consumption of synaptic devices with
pure silicon materials is limited due to the circuit complexity and large-scale integration, which may cause serious power loss. InAs is a direct band gap semiconductor
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with a band gap of 0.36 eV. Due to the relatively narrow
band gap, it has a high intrinsic carrier concentration.
InAs NWs with high mobility make generated thermal
electrons expected to have a long mean free path, allowing enough time to reach the traps before recombination
occurs, which suitable to manufacture neural synaptic
devices [18]. Currently, there has been some progress in
the application of electrical stimulation on InAs NWs to
simulate neural synaptic function, but the energy consumption related synaptic behavior is too large, which
is not conducive to the device integration into artificial
intelligence chips [19]. And mostly of them are based on
top gate FETs to achieve neural synaptic functions, lacking research of gate-all-around field-effect transistors
(GAA FETs). Compared with other structure, FETs with
GAA structure show better performance due to their
enhanced gate controllability [20].
In this paper, we proposed a novel synaptic device
based on GAA FETs. The electrical properties of the
device are studied by 3D Sentaurus TCAD, and the
traps in oxide layer of InAs NWs are used to capture and
release charges. Some basic biological synaptic properties are simulated, such as short-term depression (STD)
to long-term depression (LTD). By adjusting amplitude
and numbers of gate voltage pulses, the transition from
STD to LTD transition is achieved. The minimum energy
consumption is achieved by adjusting the state of traps in
oxide layer and applied gate voltage pulses.

Equipment Structure and Simulation Methodology
Figure 1a, b shows the 3D schematic diagram and 2D
cross section diagram of the GAA InAs NW FET, respectively. As shown in Fig. 1b, the InAs NW is covered with
an In2O3 oxide layer. In order to simulate the phenomenon that electrons may be trapped in the oxide layer,

Fig. 1 a Schematic diagram of a GAA InAs NW FET. b Cross section diagram
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sufficient traps are introduced as trap centers to trap electrons passing through the surface barrier. The trap states
come from many randomly distributed lattice traps and
oxygen vacancies in the oxide layer [21, 22]. It is reported
that the trap level in the oxide layer is ~ 0.5 eV above the
InAs conduction band and the electron affinity of In2O3
is ~ 4.1 eV. Considering different trap density and trap
energy level of In2O3 are obtained due to the introduction of neutral oxygen vacancy during fabrication process
[23–26], it is necessary to discuss the range of trap energy
level and concentration in our simulation. Setting exact
trap energy level and concentration contribute to analyze
the effect of these factors to synaptic devices. To investigate the effect of the energy level and concentration of
traps on the trapping and detrapping charge of the In2O3
layer, the trap levels are uniformly set to 0.3–0.6 eV and
the concentration is set to 1
017–1020 cm−3. The GAA
structure is adopted for better gate controllability, whose
main parameters of the device are shown in Table 1.
The fabrication process of the synaptic device could
be summarized as follows. InAs NWs can be grown by
molecular beam epitaxy or metal organic chemical vapor
deposition. Then they are conformally coated with a 3 nm

Table 1 Main parameters of a GAA InAs NW FET
Device parameter

Value

NW diameter

20 nm

In2O3 thickness

3 nm

Gate length

0.2 μm

Gate oxide thickness

10 nm

Channel doping

1019 cm−3

Temperature

300 K

Gate work-function

5.1 eV
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In2O3 layer and a 10 nm S
 iO2 gate dielectric by atomic
layer deposition. As‐grown NWs are then transferred
onto SiO2 substrate by using a resist-trench method [27,
28]. Metal electrodes are defined on the both ends and
the middle of NW by photolithography and electromagnetic sputtering or electron beam evaporation. The contacts are exposed in EBL resist and the In2O3 and SiO2
coating are removed with a HF etch.
The device is simulated by 3D Sentaurus TCAD. Considering the importance of the interface to the simulation, refined grids at the interface are adopted with the
size reaching 0.1 nm. The electrical properties of the
device are obtained by self-consistent methods of solving
the carrier continuity equation and the Poisson equation.
The synaptic behavior is the result of charge generation,
reorganization, trapping and detrapping in the device,
thus Auger and Shockley–Read–Hall recombination
models are employed to consider the production and
recombination mechanisms, which is the main factor of
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electron motion in GAA FETs. The doping dependence
model, band gap narrowing models, mobility degradation caused by impurity scattering, thermodynamic and
high field models are also considered. The location of
the oxide layer forming trap on the InAs NW surface is
reported to store and release surface charge according to
the Poole–Frenkel mechanism [29].

Results and Discussion
To simulate the influence of oxide layer traps on the electrical properties of InAs NW FET, we set the traps to be
evenly placed at the energy of 0.3 eV from the conduction with the concentration of 1
 019 cm−3. The transmission characteristics of InAs NW FETs under the forward
voltage sweep (from -2 to 5 V) and the reverse voltage
sweep (from 5 to -2 V) with the drain voltage (Vds) of
0.5 V are shown in Fig. 2a. The Ion/Ioff ratio of the device
is calculated to be about 1
 04. The mobility of InAs NWs
is 2.26 × 104 cm2 /Vs, which increase the possibilities

Fig. 2 a Transfer characteristic of GAA InAs NW FET at Vds = 0.5 V. b Change curve of drain current versus time after single pulse gate voltage of the
device. The inset shows a particle enlarged view. c Schematic illustration of the mimicking of a biological synapse. d Post-synaptic current (PSC) of
the device with different numbers of presynaptic spikes (1.5 V, 1 ms) at Vds = 2 V
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that hot electrons are trapped by the oxide layer, resulting in an altered threshold voltage [30]. A memory window of over 1 V is obtained due to the oxide layer of InAs
NWs accommodating trapped charge to store information. Therefore, InAs NWs with deposited oxides have
the potential to be used to manufactory a neuromorphic
device to achieve artificial synaptic function.
The curve of drain current (Ids) versus time is shown
in Fig. 2b with a gate voltage pulse of amplitude of 2 V
and pulse width of 1 ms at Vds = 0.5 V. When Vgs of 2 V is
applied, the electrons in the InAs conductive channel are
trapped by the oxide layer, Ids drops continuously. When
the gate voltage returns to 0 V, a part of the electrons are
still captured in the trap layer, Ids decreases significantly
compared to the un-added gate voltage pulse. This is
similar to the depression behavior of biological synapses,
where presynaptic stimulation (2 V, 1 ms) causes changes
in an excitatory post-synaptic current (PSC), and the
involved charge carriers act as neurotransmitters in the
synapse.
As shown in Fig. 2c, the simulation of neural networks
is achieved by imitating the communication of neurons
passing through synapses [31–33]. Stimulation generated by the presynaptic membrane triggers the release
of neurotransmitters, which are detected by receptors
in the post-synaptic membrane, causing changes in the
potential and weight of the postsynaptic membrane. Similar to biological synapses, the gate voltage pulse served
as stimuli of the presynaptic membrane, and the Ids and
channel conductance were treated as PSC and weights
of the postsynaptic membrane, respectively. As shown
in Fig. 2d, when different numbers of presynaptic spikes
(1.5 V, 1 ms) are applied to the device, the memory retention time of PSC will increase significantly (from 2.8 to
7.1 s).
The mechanism of charge trapping effect in NW surface can be explained by Fig. 3a, high mobility of InAs
NWs offers a relatively long mean free path to thermal
electrons, which leads to the increasing probability of
electrons being trapped. Thus when the energy of the
high energy thermal electrons generated by the gate voltage excitation in InAs NWs is above the barrier height, it
is probably captured by the oxide trap layer before thermalization back to the conduction band of InAs NWs.
The quantity of electrons involved in combination in
the conduction band decreases. As a result, the electron
density of the conduction band is reduced and the PSC
decreases. Based on the retention time, synaptic plasticity can be divided into short-term plasticity and longterm plasticity, the intensity of the stimulation in our
simulation can be expressed as the magnitude of the gate
voltage and the quantity of gate voltage pulses. Therefore,
simulating the strength of the artificial synaptic stimulus
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by controlling amplitude and quantity of gate voltage
pulses can make the device act out synaptic behaviors. A
cross-sectional diagram of the trap charge under applied
different gate voltage strengths is shown in Fig. 3b. With
a gate voltage of 2 V, the quantity of electrons trapped
by the oxide layer is greater than that with a gate voltage of 1.5 V. The higher gate voltage reduces the barrier between the conduction band of InAs NW and the
energy level of defects, making it easier for thermal electrons to overcome the barrier. As a result, the quantity of
electrons in conductive channel drops, causing that PSC
declines and the electrons increases in the oxide layer.
In an artificial neuromorphic system, the simulation
of synaptic plasticity is the cornerstone of neuromorphic devices [34, 35]. The GAA InAs NW FETs simulating synaptic plasticity mainly exploit the carrier trapping
effect of oxide traps layer. The depth and concentration
of traps in the oxide layer are also inconsistent due to
the different growth conditions of the nanowires [23,
36]. Therefore, it is necessary to investigate the effects of
different depth and concentrations of the traps in oxide
layer. In the study, a gate electric pulse with amplitude
of 2 V and a width of 1 ms is applied to the GAA InAs
NW FET to measure current response of the device with
different depth and concentrations of traps on InAs NW
surface. The dependence of the trap depths and the excitatory PSC is shown in Fig. 4. The excitatory PSC at trap
depths from 0.3 eV to 0.6 eV are 941 nA, 308 nA, 110 nA
and 62 nA, respectively, with corresponding memory
retention time of 110 ms, 0.62 s, 2.01 s and 11 s. In Sentaurus TCAD, the electron emission rate to the conduction band at the same location as the trap is
n
eC
=

n
σ n γn n 1
vth
n
+ econst
gn

(1)

n
is therwhere γn is related to Fermi statistics, vth
n
mal velocity, σn refers to cross sections. econst
represents constant emission rate and defaults to 0.
n1 = NC exp Etrap − EC /kT . For electrons trap,
Etrap − EC is always negative, when the traps are set
at a shallow level, small Etrap result in a high electron
emission rate, which means the trapped electrons
at shallow level can detrap back into the conductive
channel more easily, resulting in bigger PSC and faster
memory retention time, consistent with the STD of
biological synapses and rapid recovery of membrane
potential. Similarly, the traps at a deep level can result
in smaller excitatory PSC and slower retention time,
consistent with the LTD of biological synapses and slow
recovery of membrane potential.
The dependence of the traps concentration on the
excitatory PSC is shown in Fig. 5. The excitatory PSC
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Fig. 3 a Energy band diagram of excitation, recombination, thermalization, trapping and detrapping processes, and E trap refer to trap level. b
Distribution diagram of electron current density and electron trapped charge in InAs NW FETs under different gate voltages

of traps concentrations from 
1017 to 1
020 cm−3 are
1.7 μA, 0.64 μA, 110 nA and 65 nA, with corresponding memory retention time of 17.4 ms, 0.22 s, 2.01 s
and 14.9 s. When the concentration of traps is low, the
oxide layer traps captures relatively few electrons. As
a result, Ids increases and has a shorter retention time,
corresponding to the STD of the biological synapse.
Similarly, higher trap concentration result in a lower Ids
and longer retention time, corresponding to the LTD
of the biological synapse. Therefore appropriate depth
and concentration of traps are necessary to achieve
STD and LTD. Therefore, artificially modulating the

depth and concentration of oxide layer traps during
growth of NWs can help devices to mimic biological
synaptic behavior. Deeper energy level and higher concentrations of traps lead to difficulties in the release of
trapped hot electrons in the oxide layer, causing bigger
retention times for PSC when a single gate voltage pulse
is applied. Increasing the quantity and the amplitude
of applied gate voltage pulses resulted in insignificant
changes in the retention time of the device, leading to a
weakened gate controllability of the synaptic device. In
order to achieve gate controllability, in our simulations,
a suitable defect state with a concentration of 1
 019 cm−3
and a depth of 0.5 eV is selected.
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Fig. 4 The excitatory PSC when the trap levels are set at different depth (0.3 eV, 0.4 eV, 0.5 eV, 0.6 eV) at Vds = 0.5 V. The amplitude and width of the
gate electric pulses are set at 2 V and 1 ms, respectively

The electron affinity and band gap of zinc blende (ZB)
InAs are 4.9 eV and 0.36 eV, respectively [37]. The positions of conduction band and band gaps of In2O3 and
InAs NW are available from ref [38]. By applying a low
gate voltage, the barriers between from conduction band
to can be lowered, which make electrons captured more
easily in the InAs nanowire channel. The effect of the
amplitude of the gating pulse on the simulated synaptic
behavior of the device was investigated. The relationship between the applied gate voltage and the excitatory PSC is shown in Fig. 6a. The excitatory PSC ranging
from 1.9 to 2.9 V is 162.6 nA, 106.3 nA, 66.5 nA, 42.2 nA,
25.0 nA and 25.3 nA. As the gate voltage enhances under
a low level, the barrier between the conduction band
and energy level of traps is lowered, causing the electrons easier cross the barrier to be captured by the trap
layer, resulting in a smaller excitatory PSC and a longer
retention time. However, when the gate voltage increases
to 2.9 V, the excitatory PSC abnormally increases. We
attribute this phenomenon to the saturation of gate voltage regulation to depress the PSC. As shown in Fig. 2a,

when the gate voltage increases to 2.9 V, Ids is at a relatively high level. Therefore, when a gate voltage pulse
of 2.9 V is applied, the capture velocity of high-speed
electrons in the InAs channel and the release velocity
of bound electrons in the oxide layer tend to consistent.
As a result, it shows that the minimum current increases
with the increase in the gate voltage. In brief, the transition from STD to LTD can be achieved by adjusting the
amplitude of gate voltage.
Ultralow energy consumption is one of the most
important superiorities of a neural system. In our simulation, energy consumption during a gate voltage pulse is
similar as the energy consumption required to complete
a neurotransmitter exchange of a biological synapse. Current synaptic devices still consume energy that is orders
of magnitude greater than do biological synapses (~ 10 fJ
per synaptic event). As a result, it is necessary to optimize
the energy consumption of the device. In order to obtain
the minimum energy consumption, we compare the PSC
with the drain voltage from 2 to 0.5 V on the premise of
ensuring the neurosynaptic function of the device, finally
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Fig. 5 The PSC with different concentration of traps (1017, 1018, 1019, 1020 cm−3) in the oxide layer at Vds = 0.5 V. The amplitude and width of the
gate voltage pulses are set at 2 V and 1 ms, respectively

Fig. 6 a The PSC with different gate voltages (1.9 V, 2.1 V, 2.3 V, 2.5 V, 2.7 V, 2.9 V) at Vds = 0.5 V. b The energy consumption with different gate
voltages (1.9 V, 2.1 V, 2.3 V, 2.5 V, 2.7 V, 2.9 V)
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Table 2 Energy consumption of various synaptic devices
Devices

Energy
Synaptic type
consumption

Cycle

Ref

InAs NW FET

12.5 pJ

Depression

2 ms

This work

CMOS circuit

900 pJ

Potentiation

20 ms

[16]

–9

Memristors

10 J

Both

300 μs

[40]

Phase change
memory

50 pJ

Potentiation

20 ms

[41]

a drain voltage of 0.5 V is determined. Considering the
level of gate current (Igs) is always well below 1 pA during
a gate voltage pulse, the energy consumption contributed
by Igs is negligible compared with that contributed by Ids.
Therefore, the formula for evaluating the energy consumption is determined by E = AIW, where A is the drain
voltage, I is the current flowing across the device, and W
is the width of the pulses [39]. The energy consumption
at different gate voltages is shown in Fig. 6b with a drain
voltage of 0.5 V. The minimum value is 12.5 uJ when
the amplitude of gate voltage pulse is 2.7 V. As shown
in Table 2, we compared the energy consumption of the
device with other synaptic devices, which manifests that
the InAs NW FET we designed has smaller energy consumption and shows better performance.

Conclusion
In this paper, we design and simulate a GAA InAs NW
FET with biological synaptic behavior. The deposited
In2O3 oxide layer on InAs nanowire surface acts as a trap
layer capturing the hot carriers generated in the channel. Synaptic behavior is simulated in the range of low
gate voltage, mainly manifested in the synaptic plasticity of STD and LTD. As the amplitude and quantity of
gate voltage pulses enhance, the transition from STD to
LTD can be achieved, which shows biological synaptic
cooperativity. It is investigated that the state of defects
of NW surface is an important factor to the simulation
of synaptic function. The device exhibits good electrical
properties and less energy consumption. These works
demonstrate the feasibility of GAA InAs NW FETs for
emerging neuromorphic networks.
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