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A B S T R A C T   

Neuromorphic networks that consist of electronic synapses are very important for energy-efficient artificial 
intelligent applications. Therefore, in recent years, many efforts have been made to design and improve artificial 
synaptic devices to effectively mimic brain-spiking activity in biological synapses. In this work, we demonstrate a 
novel synaptic transistor based on the VO2 film that uses the electrolyte gating at room temperature. Through the 
gating-induced protonation and deprotonation, we realize reversible phase transformations between various H- 
doped phases, which is confirmed by many characterization measurements. The VO2 synaptic transistor based on 
the exploiting nonvolatile multi-level conductance states with various hydrogen doping concentrations can 
successfully emulate essential synaptic functions such as synaptic plasticity and spiking-time-dependent plas-
ticity. An artificial neural network containing the VO2 synaptic transistors simulated with supervised learning 
shows high recognition accuracy for the MNIST handwritten recognition dataset. This study provides a promising 
approach to develop high-performance electronic synaptic transistors by utilizing advanced Mott materials.   

1. Introduction 

Recently, tremendous efforts have been devoted to realizing an 
artificial brain-like computer, also known as the neuromorphic 
computation, which is vital for energy-efficient artificial intelligent ap-
plications [1–4]. A key step towards this goal is to construct 
high-performance electronic devices capable of accurately emulating 
the synaptic plasticity of biological synapses [5–11]. To that end, the 
nonvolatile conductance states of the designed electronic synaptic de-
vices should be modulated continuously to mimic synaptic functions [7, 
12]. It is highly desirable to harness the material systems in which a 
nonvolatile multilevel resistance switching, and an electrically control-
lable metal-insulator transition (MIT) are present simultaneously [13]. 
Vanadium dioxide (VO2), an archetypal Mott material, has the potential 
to become the material foundation of neuromorphic circuits. Besides, 

because its MIT occurs at about 341 K, which is slightly above room 
temperature, VO2 has been extensively studied [14]. During the phase 
transition, VO2 undergoes a reversible resistance change between the 
high-temperature metallic tetragonal phase and the low-temperature 
insulating monoclinic phase [15]. The temperature-driven change in 
the electrical resistance can reach several orders of magnitude, and the 
major variation of the electrical resistance happens around the phase 
transition temperature [16]. The intrinsic MIT feature makes VO2 a 
promising candidate material for designing novel electronic synapses. 

Protonation of VO2 (HxVO2) is a feasible method to reduce its MIT 
temperature and manipulate the electronic states without destroying its 
lattice framework. Moreover, several recent works proved that protons 
(Hþ), the smallest functional ions, can be injected into and released from 
VO2 using the catalytic spillover method via the thermal annealing 
under H2/vacuum conditions [17,18]. Also, the doped hydrogen in VO2 
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can supply electrons, leading to the band-filling-controlled phase 
transformations, depending on the proton doping concentration [19]. 
However, the VO2 protonation via a high-temperature heat treatment 
limits its application in neuromorphic electronic devices. Recently, the 
electrolyte gating has emerged as an intriguing method to manipulate 
phase transformations of transition metal oxide films electrically by 
doping functional ions at the room temperature [20]. Several works 
demonstrated the reversible modulation of the MIT in VO2 films by 
electrolyte gating induced protonation/deprotonation processes [19, 
21–24]. Recently, electrolyte-gated synaptic transistors have attracted 
much attention because of their potential high-performance [25,26]. Shi 
et al. reported an electrolyte-gated transistor with SmNiO3, which 
realized a synaptic spike-timing-dependent plasticity learning behavior 
[27]. Zhu et al. reported an oxide-based artificial synapse network 
coupled by proton neurotransmitters [10]. Yang et al. emulated the ionic 
modulation process of biological synapses, and controlled the transition 
from short-term to long-term memory using different gate voltage 
amplitude in an electrolyte-gated WO3 transistor [8]. He et al. proposed 
the multiterminal oxide-based transistor for spatiotemporal information 
processing by mimicking the dendritic discriminability of different 
spatiotemporal input sequences [28]. These experimental results have 
inspired the exploring of synaptic transistors based on the 
electrolyte-gated VO2 films. 

In this study, the reversible phase transformations in VO2 epitaxial 
films are achieved by inserting and extracting hydrogen via electrolyte 
gating at the room temperature, as presented in Fig. 1a. The evolution of 
crystal and electronic structures during the electrolyte gating is sys-
tematically investigated. Then, a novel synaptic transistor is developed 
by harnessing the nonvolatile multi-level conductance states depending 
on various hydrogen doping concentrations. A VO2 synaptic transistor 
exhibits essential functions such as synaptic plasticity and spiking-time- 

dependent plasticity. Simulations of an artificial neural network con-
sisting of the VO2 synaptic transistors showed that the proposed system 
could achieve high classification accuracy. Due to the MIT nature of 
VO2, the presented electrolyte-gated synaptic transistor provides a 
unique opportunity to realize hardware implementation of high- 
performance artificial neural networks. 

2. Results and discussion 

We grew epitaxial the VO2 films with the MIT at about 341 K 
(Fig. 1b) on (0001) Al2O3 substrates by using the pulsed laser deposition 
(PLD) technique (refer to Methods Section for details). The X-ray 
diffraction (XRD) patterns indicated that only VO2 (020)M family peaks 
emerged without other vanadium oxide phases (Fig. S1). Then, we 
verified the phase transformations in VO2 thin films under electrolyte 
gating. A liquid electrolyte, N,N-diethyl-N-(2-methoxyethyl)-N- 
methylammonium bis-(trifluoromethylsulphonyl)-imide (DEME-TFSI), 
was adopted as a gating medium [29]. We would like to point out that 
solid electrolytes are more appealing for practical devices from a tech-
nological point of view. Positive (negative) gating voltages induced the 
intercalation (extraction) of hydrogen ions into (from) the VO2 thin 
films. The electrolyte-gating driven protonation led to the formation of 
stable HxVO2 phases. First, the protonation process in our VO2 films after 
positive gating was confirmed by performing the secondary ion mass 
spectrometry (SIMS) measurements. The doped hydrogen concentration 
increased with the positive gating (Fig. S2). The hydrogen required 
during the gating-induced phase transformation could come from the 
water content of ionic liquids [30,31] confirmed by the SIMS depth 
profile of Dþ ions in the gated VO2 films with the ionic liquids containing 
heavy water D2O (Fig. S2). The evolution of electronic phase trans-
formations in HxVO2 was investigated based on the temperature 

Fig. 1. Electrolyte gating induced phase trans-
formations. (a) The schematic diagram of hydrogen 
ion movement during the electrolyte gating. (b) 
Temperature-dependent sheet resistance in VO2 films 
at various gate voltages varying from 0 to þ4.0 V. (c) 
The X-ray diffraction (XRD) patterns near Al2O3 
(0006) peak of the VO2 epitaxial films after applying 
various gate voltages varying from 0 to þ4.0 V. (d) 
The X-ray absorption spectra (XAS) of V L-edge of the 
VO2 films at various gate voltages varying from 0 to 
þ4.0 V. The gating time at þ2.0 V, þ3.0 V, and þ4.0 
V is 30 min, 60 min, and 120 min, respectively.   
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dependence of the sheet resistance (RS) with varying gating voltage and 
time (Fig. 1b). The pristine VO2 film showed a typical 
temperature-dependent MIT, in which RS decreased by three orders of 
magnitude at about 341 K. By doping the hydrogen into the VO2 films 
during the electrolyte gating, the value of RS in the low-temperature 
insulating phase gradually decreased, and the metallic HxVO2 phase 
emerged. Interestingly, further hydrogenation induced a dramatic phase 
transition from the metallic HxVO2 to other insulating HVO2 states. 
Thus, tristate phase transformations between the insulating VO2, 
metallic HxVO2, and insulating HVO2 could be achieved depending on 
the doped hydrogen amount in the electrolyte gating. 

We measured the XRD θ–2θ scans of the VO2 films after various 
positive gating to explore the structural phase transformations during 
the electrolyte gating (Fig. 1c). The XRD peak of the (020)M diffraction 
of the pristine VO2 film shifted towards a small angle with the increase in 
the doped hydrogen content, and the peak eventually reached 36.98� in 
the insulating HVO2 phase. The shift of the XRD peak is ascribed to the 
intercalation of hydrogen ions into the thin films. To clarify the phe-
nomena of hydrogen doping via electrolyte gating, we characterized the 
electronic structures of the insulating VO2, metallic HxVO2, and insu-
lating HVO2 using the synchrotron-based X-ray absorption spectroscopy 
(XAS) of the V-L edge (Fig. 1d). The V-L3 edge exhibited a peak shift to 
the lower energy direction upon the protonation, reflecting that the V 
atoms transformed towards a lower valence state [31]. Associated with 
the evolution of electronic structures, the optical transparency of the 
thin film could be electrically switched by doping the hydrogen 
(Fig. S3). The pristine VO2 and metallic HxVO2 films showed a deep 
yellow color, while the HVO2 film was almost transparent in the range 
from visible to the infrared band (Fig. S3). All the mentioned physical 
properties make the electrolyte-gated VO2 thin films highly promising 
material for application in robust synaptic transistors. 

We designed an electrolyte-gated transistor with the co-planar gate 
electrodes using the VO2 epitaxial films as a channel material to emulate 
the biological synapses. The schematic diagram of the device structure is 
illustrated in Fig. 2a. More details about the device fabrication can be 
found in Methods Section. The current-voltage (I–V) curve between the 
source and drain electrodes exhibited a good ohmic contact (Fig. S4). 
The gating-induced tristate phase transformation of the VO2 channel 

was also demonstrated by measuring the conductance (G) as a function 
of time under various positive VG (Fig. 2b). It can be seen that G slightly 
increased under the gate voltage lower than the threshold value 
(~1.23 V) of the hydrolysis reaction. Under the medium gate voltage 
(1.23 V < VG < 2.0 V) G monotonically increased, indicating the phase 
transformation from the insulating VO2 to the metallic HxVO2. With the 
application of high VG (VG > 2.0 V), G of the channel first increased, and 
then gradually decreased. This process implied that the tristate phase 
transformations happened from the insulating VO2 to the metallic 
HxVO2, and then to the insulating HVO2. Thus, it can be concluded that 
both the gating voltage and gating time are important for the hydrogen 
intercalation into the VO2 lattice. The doped hydrogen concentration 
determines the phase transformations. Here, we applied medium VG 
(1.23 V < VG < 2.0 V) to avoid the second phase transformation from 
HxVO2 to HVO2. The unique tristate phase transformations in VO2 could 
be applied where a single voltage is required to realize both potentiation 
and depression. 

The transfer curve was measured by sweeping VG from 0 to 2.0 V, 
then from 2.0 V to � 1.5 V, and finally, from � 1.5 V back to 0 (Fig. 2c). 
The source-drain voltage VSD was kept constant at 50 mV, and the 
sweeping rate was 0.5 mV/s. The transfer curve exhibited a clear hys-
teresis loop. The source-drain current (ISD) gradually increased from 
20 nA to 2300 nA as VG increased from 0 to 2.0 V. The high conductance 
state was maintained at VG ¼ 0, implying its non-volatility. Under 
negative gating, the high conductance state could be reversed to its 
pristine low conductance state. The gate leakage current IG was at least 
two orders of magnitude smaller than ISD, indicating that IG had a 
negligible effect on device performance (Fig. 2c). Therefore, the channel 
conductance G could be effectively adjusted between low and high 
conductance states by controlling the insertion and extraction of Hþ into 
the VO2 channel. 

Reversible phase transformations between the insulating VO2 and 
the metallic HxVO2 were further confirmed by adjusting VG as a function 
of gating time (Fig. 2d). The channel conductance G was monitored over 
time by switching the polarity of constant VG. Under a constant VG of 
þ1.5 V, G gradually increased from 0.22 μS to 9.85 μS, due to the pro-
tonation process induced by positive electrolyte gating. Once VG was 
switched to - 1.0 V, G decreased to 0.23 μS, due to the deprotonation 

Fig. 2. Electrolyte-gated VO2 transistor. (a) The 
schematic illustration of the transistor structure. 
The VO2 films form the channel between the 
source (S) and drain (D) electrodes, and an ionic 
liquid (DEME-TFSI) is used as a gating medium. 
(b) Measured channel conductance G of a 10-nm 
thick VO2 film as a function of time at various 
gate biases from þ1.0 V to þ2.7 V. (c) The 
transfer curve at � 1.5 V � VG � 2.0 V. The red 
curve denotes the gate leakage current during the 
transfer curve measurement. The gate voltage VG 
was swept with a speed of 0.5 mV/s. The arrows 
show the direction of the gate bias sweep. (d) 
Reversible phase transformations between the 
insulating VO2 and the metallic HxVO2 by 
applying alternating positive (þ1.5 V) and 
negative (� 1.0 V) VG as a function of gating time. 
A constant source-drain voltage VSD ¼ 50 mV was 
applied to monitor the channel conductance.   
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process induced by negative electrolyte gating. Thus, the reversible 
protonation and deprotonation phase transformations could be manip-
ulated by applying alternating positive and negative VG in the 
electrolyte-gated VO2 transistor (Fig. 2d). 

The external pulses were applied to the gate electrodes to control the 
hydrogen insertion and extraction in the VO2 channel, which could 
emulate various synaptic functions in biological synapses. We applied 
the gate pulses to trigger the change in the amplitude of ISD, similar to 
the excitatory postsynaptic currents (EPSCs) under presynaptic spikes. 
The pulse width was fixed at 200 ms, and the channel current was 
monitored at a small VSD of 50 mV. The EPSCs increased with increasing 
the amplitude of VG pulses. The EPSCs quickly decreased to the initial 
value under low VG, while the EPSCs could not decrease to its initial 
value under high VG exceeding the threshold value of the hydrolysis 
reaction (Fig. 3a). The electrostatic (low VG) and electrochemical (high 
VG) effects are responsible for the VG-controlled transition from short-to 

long-term memory [8]. As it is well known, in biological synapses, 
successive external stimuli can lead to an increase in the number of 
neurotransmitters from the presynaptic membrane to the synaptic cleft. 
Similarly, successive electrical pulses can effectively modulate the 
EPSCs by increasing the doped Hþ concentration in artificial synapses 
(Fig. 3b). Therefore, the pulse width was fixed at 200 ms, and the pulse 
voltage VG was þ1.5 V. The EPSCs could be increased by increasing the 
pulse width of the presynaptic spikes (Fig. S5). The multi-level states 
required for synaptic functions were demonstrated in the 
electrolyte-gated VO2 transistor by sending a series of VG pulses to the 
gate electrode (Fig. S6). Various H-doped VO2 phases could keep stable 
during at least 3500 s, demonstrating their good retention property 
(Fig. S7). The calculated energy consumptions per spike (4.2 fJ, 
short-term memory; 2.2 pJ, long-term memory) were several orders of 
magnitude lower than that (~900 pJ) of the artificial synapses based on 
conventional CMOS circuits [32] (Fig. S8). Although the energy 

Fig. 3. The VO2 synaptic transistor characteristics for neuromorphic computing. (a) The EPSCs induced by a series of VG pulses with the same pulse width of 200 ms 
and different amplitudes, þ0.5 V, þ1.0 V, þ1.5 V, and þ2.0 V. The inset shows the full spike triggered by a þ2.0 V pulse. (b) The EPSCs stimulated by a series of VG 
pulses (1, 5, 10, 15, 20 spikes) with the same amplitude of voltage (þ1.5 V). (c) The VG-controlled long-term potentiation and depression processes for 120 positive 
(þ1.5 V for 200 ms, spaced 600 ms apart) and 120 negative (� 0.6 V for 200 ms, spaced 600 ms apart) VG pulses. There are 50 cycles for LTP and LTD. (d) The zoom- 
in view shows a cycle for gating-induced LTP and LTD processes. Asymmetric (e) and symmetric (f) STDP function implemented in the ferrite synaptic transistor. Δt 
denotes the difference between the pre and post-neuron spikes. A constant source-drain voltage VSD ¼ 50 mV was applied to monitor the channel conductance. 
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consumption per spike for the long-term memory in our 
electrolyte-gated VO2 transistor was still higher than that of biological 
synapses (1–10 fJ), it could be comparable to those of the 
electrolyte-gated synaptic transistors in recent reports [4]. These results 
verify that the electrolyte-gated VO2 transistor can potentially emulate 
the synaptic plasticity that is essential for biological synapses to perform 
signal processing and neural computation. 

We further mimicked the long-term synaptic plasticity, including the 
long-term potentiation (LTP) and long-term depression (LTD) in our 
synaptic transistor (Fig. 3c). The LTP and LTD denoted persistent in-
crease and decrease in synaptic strength at a certain number of external 
stimuli, respectively. The long-term synaptic plasticity is an essential 
design requirement for brain-like computing [33]. The multi-level 
nonvolatile states can be realized with a number of consecutive VG 
pulses to tune G by doping protons into the VO2 channel. The amount of 
Hþ ions intercalated in VO2 is precisely manipulated by VG pulses, and 
this process is reversible. Therefore, to emulate the LTP, we applied 120 
positive VG pulses (the amplitude of þ1.5 V, the pulse duration of 200 
ms). The channel conduction G increased during the gradual phase 
transformation from the insulating VO2 to the metallic HxVO2. In 
contrast, the LTD appeared when 120 negative VG pulses (� 0.6 V, 
200 ms) were applied to the gate electrode. Negative gating tends to 
extract Hþ ions from the channel, leading to a transformation from the 
metallic HxVO2 phase to the insulating VO2 phase. Thus, successive 
negative gate spikes can decrease the EPSC. Here, G was measured at VSD 
of 50 mV. The potentiation and depression of synaptic weight could be 
mimicked by applying consecutive positive and negative spikes, 
reflecting reproducible switching (Fig. 3c). Fig. 3d shows a single cycle 
of G modulation for the LTP and LTD processes. Obviously, the LTP 
exhibited high linearity. For the LTD, in the beginning, G of the device 
varied greatly with the voltage pulses sent to the gate terminal. The 
change in G of the device decreased gradually with a continuous voltage 
pulse. Therefore, further investigations are required to improve the 
linearity during the LTD process in future. 

In neurobiology, memory is associated with the strength of a synaptic 
connection, which is called synaptic weight. The spike-timing- 
dependent plasticity (STDP) plays an important part in information 
processing and brain network functions [34,35]. The STDP is regarded 
as one of the essential Hebbian learning rules, which indicates the 
modification of a synaptic weight induced by a relative timing of 
correlated spikes between the connected neurons. The sign and magni-
tude of a change in a synaptic weight depends on Δt, which is defined as 
a relative time interval of the pre- and post-synaptic spikes. For an 
asymmetric STDP, the LTP occurs when a post-synaptic spike is fired 
before a pre-synaptic spike (Δt< 0), while the LTD occurs when a 
pre-synaptic spike is applied before a post-synaptic spike (Δt> 0). A 
significant change in the synaptic plasticity occurs at a short Δt, whereas 
a small change in the synaptic plasticity happens at a long Δt. We suc-
cessfully demonstrated the asymmetric STDP functions in the 
electrolyte-gated VO2 synaptic transistor (Fig. 3e). A multiplexer was 
connected to the gate electrode of the device to convert the time dif-
ference between pre- and post-synaptic spikes [36]. For more details 
about the circuitry, refer to Fig. S9 in the Supplementary Material. The 
measured asymmetric STDP curve could be fitted with an exponentially 
decaying function and emulate the behavior of a biological synaptic 
system [34]. We also realized the symmetric STDP function by changing 
the shape of the source spike (Fig. 3f). For the symmetric STDP, the 
percent change in the channel conductance only depends on the abso-
lute value of Δt. The successful STDP implementation in the 
electrolyte-gated VO2 synaptic transistor indicates a potential applica-
tion of Mott materials in neuromorphic device development. 

We further evaluated the performance of the artificial neural 
network consisting of the electrolyte-gated VO2 synaptic transistors 
using the experimentally measured LTP and LTD states (Fig. 3c). This 
artificial neural network was trained with two data sets, 8 � 8 pixels 
images (small images) of handwritten digits from the University of 

California at Irvine (UCI) image dataset [37], and 28 � 28 pixels images 
(large images) of handwritten digits from the Modified National Insti-
tute of Standards and Technology (MNIST) handwritten dataset [38], by 
using the back-propagation algorithm. We utilized a simple three-layer 
network structure with only one hidden layer to implement the simu-
lation using Cross Sim simulator (Fig. 4a). A crossbar, regarded as a part 
of a “neural core”, was employed to perform vector-matrix multiplica-
tion and outer-product update operations (Fig. 4b) [39,40]. The cumu-
lative distribution functions during the potentiation and depression 
processes are plotted in Fig. S10 of the Supplementary Material. It can be 
seen that the linearity during the potentiation (protonation) was better 
than during the depression (deprotonation). The artificial neural 
network consisting of the electrolyte-gated VO2 synaptic transistors 
achieved high classification accuracy (Fig. 4c and d). The results of the 
training were comparable to the ideal performance of the 
floating-point-based neural network, which represents the theoretical 
limit for the simulator. In identifying the small digits, the classification 
accuracy reached 91% in the second training epoch and approached 
94% after 20 training epochs (Fig. 4c). In identifying the large digits, the 
simulation results showed that the artificial neural network with VO2 
synaptic transistors could reach the classification accuracy of 91% 
(Fig. 4d). The obtained classification accuracy was slightly lower than 
that reported in the related recent works about synaptic devices [39,40]. 
It should be noted that the obtained classification accuracy was higher 
than that obtained with two-terminal resistive and phase-change 
memory devices (20%–82%) [41–45]. However, to realize a higher 
recognition accuracy and improve the device performance in this VO2 
synaptic transistor, further works are still required to improve the 
linearity and symmetry during the potentiation and depression 
processes. 

3. Conclusion 

In summary, a novel electrolyte-gated synaptic transistor based on a 
typical Mott material VO2 is designed. We realized the reversible phase 
transformations via gating-controlled protonation and deprotonation in 
VO2 films. It is shown that by finely tuning the hydrogen doping con-
centration, the electrolyte-gated VO2 transistor exhibits multi-level non- 
volatile conductance states, which is required for artificial synapses. 
Besides, the VO2 electronic synapses with a three-terminal configuration 
can successfully emulate important synaptic functions such as synaptic 
plasticity and spiking-time-dependent plasticity. An artificial neural 
network consisting of VO2 synaptic transistors trained with supervised 
learning achieved high recognition accuracy of 91% for the MNIST 
handwritten recognition dataset. Our findings provide a new design 
direction of electrolyte-gated synaptic transistors based on advanced 
Mott electronic materials. 

4. Methods 

4.1. Sample preparation 

The VO2 thin films with a thickness of 10 nm were epitaxially grown 
on (0001) Al2O3 substrates (MTI Ltd.) using the pulsed laser deposition 
with a 308-nm XeCl excimer laser, an energy density of about 0.2 J/cm2, 
and a repletion rate of 2 Hz. The VO2 films were deposited at 375 �C in a 
flowing oxygen atmosphere at the oxygen pressure of 1.0 Pa, and cooled 
down to the room temperature at the cooling speed of 20 �C/min. The 
deposition rate of VO2 films was calibrated by X-ray Reflection (XRR). 

4.2. Device fabrication 

The thin films were patterned into channels with a coplanar gate 
structure using standard photolithography and argon-ion etching. The 
channel size is 50 μm � 210 μm. The length between the gate electrode 
and channel is 50 μm. The Cr/Au (2 nm/70 nm) layer was prepared as 
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electrodes via thermal evaporation. An overlayer of a hard-baked 
photoresist was used as an isolation layer to prevent electric leakage 
between gate and source electrodes. The transistor device was 
completed by dropping an ionic liquid N, N-diethyl-N-(2-methoxyethyl)- 
N-methylammoniumbis-(trifluoromethylsulphonyl)-imide (DEME-TFSI) 
on the channel and gate electrodes. 

4.3. Sample characterization 

X-ray diffraction (XRD) measurements were performed using a 
Rigaku SmartLab instrument. Optical transmittance spectra were taken 
in air at room temperature with spectrophotometers (Cary 5000 
UV–Vis–NIR, Agilent and Excalibur 3100, Varian). The thickness of VO2 
films on double polished Al2O3 substrates for transmittance spectra 
measurements is 50 nm. XAS measurements were performed via total 
electron yield method, and the background vacuum level was 
6 � 10� 7 Torr. 

4.4. Electrical measurement 

The electrical characteristics of the electrolyte-gated VO2 devices 
were measured in a Lakeshore probe station with a Keithley 4200 
semiconductor parameter analyser at ambient conditions. The sweeping 
rate was 0.5 mV/s for the transfer curve. We applied VG at room tem-
perature, and then measured temperature-dependent RS. The measure-
ments for temperature-dependent RS were done with a 2400 
Sourcemeter and a Keithley 2182 Nanovoltmeter in PPMS (Quantum 
Design Ltd.). 
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