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 Abstract— We report on switching dynamics of individual 
and coupled vanadium dioxide (VO2) devices subject to 
voltage pulses as the temperature is systematically varied 
from room temperature spanning the insulator-metal 
transition (IMT) temperature. The switching voltage of 
single devices have a strong relationship with both 
temperature and voltage pulse width. Two-step switching in 
connected VO2 devices has been noted in current transient 
plots and was found to depend on temperature, pulse width, 
and pulse amplitude. Experimental switching behavior 
measured from VO2 artificial neurons were implemented 
into a spiking neural network (SNN). During training, 
modulating the switching voltage via temperature affords a 
novel method to implement homeostasis with the coupled 
devices. Simulation results show the efficacy of the 
stochastic neuronal characteristics and the proposed 
homeostasis mechanism on a standard digit recognition 
task. These studies contribute to on-going efforts in 
neuromorphic computing exploiting collective phase 
transitions. 
 

Index Terms— phase transition, VO2, artificial neuron, 
computing 

I. INTRODUCTION 

anadium oxide (VO2) undergoes a first order metal-to-

insulator transition (MIT), which causes a conductivity 

change of several orders of magnitude. This phase transition 

can be induced by both thermal and voltage stimuli [1, 2]. When 

electric field of sufficient amplitude is applied, a phase 

transition from insulating phase to metallic phase occurs [3]. 

The threshold switching behavior is interesting for designing 

selectors in crossbar memories arrays, neuromorphic devices 

such as artificial neurons [4, 5], and resistive memories [6, 7].  

 The MIT behaviour of VO2 results in a current spike and can 

be utilized to emulate the behaviour of a biological neuron when 

threshold firing voltage is reached [3]. Hence, there is growing 

interest in studying the transient characteristic of VO2 E-IMT 

under short pulses. Murtagh et al. [8] studied the effect of the 

time delay between consecutive voltage pulses on the hysteresis 

loop of VO2 E-IMT. They showed the joule heating from 

previous pulses affects latter pulse dynamics and proposed 

modulating the E-IMT behaviour of VO2 through pulse history. 

Lin et al. [9] developed  an electrothermal model based on E-

IMT joule heating. The output current curve was divided into 

three parts, the incubation period, positive feedback period and 

width expansion period. Patlagan et al. [10] applied millisecond 

time scale pulsed I-V measurements on AlxV1-xO2 bulk crystals 
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to study hysteresis and thermal effects driving switching. 

Tungsten doping in VO2 has recently been shown as an 

effective way to control the threshold switching voltage [11]. 

These results demonstrate the on-going progress towards 

exploring the use of phase transitions in emerging electronic 

devices. 

 To further advance our understanding, it is important to 

understand the interaction of the E-IMT devices when they are 

interconnected in a circuit [12, 13]. Moreover, interaction 

behavior is unknown when each device is heated to a different 

temperature while connected in a circuit. Thus, measurements 

of device behaviour in simple circuits when excited with fast 

electric pulses could help in elucidating the behavior of VO2 

switches and the data can be used as input for simulations. 

Here, we first studied the switching dynamics of individual 

VO2 devices held at different temperatures. The mean switching 

voltage for a single out-of-plane device (300 nm VO2 film 

thickness) is 2.1 V. We demonstrate the close relationship 

between temperature of the device and triangular pulse width to 

the switching voltage of a single device. We then investigate 

the interaction of VO2 devices held at different temperatures 

while connected in a circuit. A triangular pulse of width of the 

order of 10 μs is applied to extract the behavior of the circuit. 

Two-step E-IMT is observed at room temperature with two 

distinct current spikes at 4 V and 4.2 V when two devices are 

connected in series. The two steps correspond to the individual 

E-IMT of each device. Input voltage to trigger the E-IMT of a 

device kept at 25 °C was reduced by 0.77 V when a second 

connected device was heated to 60 ℃ . This modulation of 

triggering voltage can be utilized to implement homeostasis in 

a novel manner for SNNs. As proof-of-concept, a simulated 

SNN was trained on the standard MNIST digit recognition 

dataset [14] to showcase the efficacy of both the stochastic 

neurnonal characteristics and the thermal-coupling enabled 

homeostasis mechanism, achieving a test accuracy of 88.9%. 

II. EXPERIMENTAL 

A. Characterization and device fabrication 

The devices were fabricated using 300 nm VO2 thin film 

deposited on to highly doped n-Si substrate (ρ = 0.001 Ω × cm) 

with a native oxide layer (SiO2/n-Si). The deposition was 

conducted with an AJA sputter deposition system, using a V2O5 

target at 650 °C in 99.994 % Ar/ 0.06 % O2 gas mixture at 5 

mTorr. The film thickness was measured through cross-
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sectional SEM. Circular Pd electrodes with varying diameter of 

100 µm, 200 µm, 300 μm were fabricated using sputtering on 

VO2 film through shadow masks. The back contact of the 
device was formed after removing the oxides and painting with 

silver paste. The device structure is shown in Fig. 1 (a). 

 
 
Fig. 1 (a) 300 nm VO2 thin film was sputtered on n-Si substrate with a native 

oxide layer. The top electrode is sputtered Pd and the bottom electrode is 

formed after removing the oxide on back side of Si and painting with silver 

paste (b) Schematic of the high speed measurement set up. 

B. Test circuit design 

The test circuit is designed by connecting the device(s) under 

test (DUT) and a load resistor (RL) of 237 Ω in series. Voltage 

pulses with a pulse width ranging from 10 μs to 1 ms were 

applied to the DUT with a signal generator (Tektronics AFG 

31000). One channel of a oscilloscope (Keysight 

MSOX4154A) is connected across the whole circuit to capture 

the input voltage (Vin), while another channel is connected 

across the load resistor to acquire the voltage drop across it 

(VR). To determine the current through the circuit (Iout), the 

equation Iout = RL/VR is used. A hot stage is placed under the 

DUT when excitation above room temperature is needed. The 
experimental set up is shown in Fig. 1 (b). 

C. Data processing 
The oscilloscope has a sampling rate of 400 ps. This causes 

a large random noise. Voltage data collected by the oscilloscope 

in 40 ns (100 data points) when the voltage is held stable is used 

to analysis the noise of the test. The standard deviation of the 

signal is 0.03 V. A smoothing of the data is performed as 

follows: every data point is acquired by averaging the sum of 

50 points before and 49 points after that specific data point. This 

reduces random noise collected during experiment, but avoids 

loss of data density. 

III. RESULTS AND DISCUSSION 

X-ray diffraction (XRD) pattern verified the successful growth 

of the VO2 oxide layer on top of the SiO2/n-Si substrate, as 

shown in Fig. 2 (a). Multiple VO2 diffraction peaks were 

identified in the XRD graph, indicating the polycrystalline 

nature of the thin film. Detailed VO2 peak position and peak 

intensity comparison with reference XRD data is included in 

table I. All peak intensities are  normalized to the intensity of 
(011) peak from reference data. The reference XRD data in the 

table is from polycrystalline VO2 powder diffraction. 

Comparing the collected XRD peak intensity and reference data 

[15], the peaks aside from (011) have significantly smaller 

relative intensities. This implies the as-grown VO2 thin film is 

textured. Moreover, the XRD patterns of the thin film from 45 

°C to 100 °C were collected at a heating rate of 10 °C/ hour and 

a hold time of 2h for the measurement. A peak shift from VO2 

M (011) to VO2 R (110) is observed when the excitation 

temperature reaches 70 ºC, and the peak shifting stabilized after 

75 ºC, marking the evolution of the structural transition. 

Zoomed-in XRD pattern of temperature dependent evolution of 

M (011) to R (110) peak is shown in  Fig. 2(b).  

 
Fig. 2 (a) (1) X-ray diffraction (XRD) pattern of bare n-Si substrate (2) XRD 

pattern of 300 nm VO2 grown on n-Si/SiO2. (b) Enlarged XRD pattern of VO2 

M (011) and VO2 R (110) peaks when temperature is changed from 45 °C to 

100 °C. (c) Single VO2 device E-IMT behavior. A triangular pulse of 100 μs, 

2.5 V is applied across the VO2 vertical device with a 237 Ω load resistor 

connected in series. (d) Temperature induced phase transition of VO2 vertical 

devices. The red and green line shows the resistance versus temperature trend 

when heating/cooling the device. The orange line shows the evolution of phase 

fraction (from XRD) of VO2 M phase and VO2 R phase with temperature when 

heating the device.   

Table I 25ºC VO2 peak position and relative intensity 

Peak 2θ (º) 

Relative 

intensity 

(%) 

2θ (º) 

(reference 

[15]) 

Relative 

intensity  (%) 

(reference 

[15]) 

(011) 27.895 100 27.872 100 

(2̅02) 37.131 1.8 36.889 12.0 

(200) 37.461 1.8 36.999 32.4 

(020) 

(002) 
39.823 2.4 

39.724 

39.798 

3.8 

3.2 

(210) 42.345 4.4 42.271 9.1 

(012) 

(021) 
44.776 10.0 44.667 3.1 

(211) 55.631 9.9 55.514 25.1 

(022) 57.671 20.8 57.419 15.3 

 

 The characteristics of a single VO2 device was first studied 

to provide a baseline dataset. Fig. 2 (c) demonstrates the E-IMT 

behavior of single device when a pulse of 2.5 V/ 100 μs was 

applied. A distinct current spike is observed when the input 

voltage is 2.5 V. An overlay of resistance versus temperature 

(R-T) and monoclinic phase fraction estimated from XRD 

versus temperature is shown in Fig. 2 (d). The resistance is 

extracted from the slope of linear IV sweep from -0.1 V to 0.1 

V at various temperatures. The phase fraction data were 
extracted from temperature dependent change of the ratio 

between VO2 M (011) and VO2 R (110) (Fig. 2 (b)). Hysteresis 

can be observed in the R-T curve explaining the asymmetry of 

the I-t curve when a triangular pulse is applied to the VO2 
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device. The temperature of the begin of structural transition is 

in between 65 °C to 70 °C as shown in the phase fraction data 

in Fig. 2 (d). Also, the phase fraction curve sits right between 
the  R-T hysteresis loop.  

 
Fig. 3 (a) Relationship of switching voltage with temperature and pulse width 

(τ). Temperature ranges from 25 °C to 50 °C, while pulse width is varied from 

10 µs to 1000 µs. (b) statistical data of deviation from mean switching voltage 

of device at 25 ºC (c) and 35 ºC for 1800 cycles. Raw data is shown with blue 

circles and the sigmoid function fitted to data is shown in red curve.   

The T-IMT and E-IMT shows different current jump ratios. 

The T-IMT ratio is calculated with the resistance at 45 ºC and 

90 ºC in Fig. 2(d), while the E-IMT ratio is calculated by the 

current after and before the current jump in Fig. 2 (c). Similar 

phenomenon has been reported and it has been shown that the 

load resistor in the measurement set up limits the current jump 
of E-IMT [16]. The difference may also be caused by the 

filamentary nature of the phase transition as it propagates [17]. 

Electron injection [18] and thermal runaway [19-21] 

mechanisms have also been noted in other threshold switching 

materials indicating a general mechanism for phase switching. 

The power per spike is ~ 4 nJ, calculated with the power 

supplied by the pulse generator (Vin × Iout) during the rising 

edge of E-IMT in Fig. 2 (c). The unit device area power per 

spike is 54 fJ/µm2. As a comparison, for a 100 nm2 device 

reported in literature, the power per spike per area is of the order 

of 10 pJ/µm2 [22]. It has been shown that the power per spike 

of VO2 neurons scales with device size [23], thus, shrinking the 
device geometry would correspondingly reduce energy per 

spike.  

Switching voltage (Vswitch) is mapped against the width of 

triangular pulse and the temperature of device (Fig. 3 (a)). 

Switching voltage is acquired by subtracting the voltage drop 

across the load resistor from the input voltage (Vswitch = Vin - 

VR). As shown in Fig. 3 (a) switching voltage is highly 

correlated with the temperature. The mean room temperature 

switching voltage tested with 1000 µs triangular pulse is 2.1 V. 

This would correspond to a threshold electric field of 7 × 106 

V/m for a 300 nm thick channel. Statistical data of switching 
voltage for 1800 cycles were measured from a VO2 device at 25 

ºC and 35 ºC as shown in Fig. 3 (b) and (c). The room 

temperature (25 ºC) variation range is from -0.2 V to 0.3 V, 

while more than 92 % of switching voltage at room temperature 
falls in -0.1 V to 0.1 V deviation from mean switching votlage. 

This switching voltage variation has been ascribed to the 

randomness in domain orientation [24] and nucleation of phases 

[25]. The statistical data is also fitted with sigmoid function for 

simulation of a stochastic neuron. 

 
Fig. 4 (a) Linear fitting of square of switching voltage ( 𝑉𝑠𝑤𝑖𝑡𝑐ℎ

2 ) and 

temperature. The fitting curve is extrapolated and intercepts the temperature 

axis at 68.3 °C. (b) Extrapolated IMT temperature (TIMT) from switching 

voltage (𝑉𝑠𝑤𝑖𝑡𝑐ℎ
2 ) and temperature  of different pulse width. The fitting and 

extrapolation process is the same as (a). (c) A slight decrease in switching 

voltage with pulse width is shown. 
 Employing E-IMT electrothermo model from literature [26],  

𝑉𝑠𝑤𝑖𝑡𝑐ℎ
2  ∝  𝑇 − 𝑇𝐼𝑀𝑇 , a fitting was obtained. The fitted curve 

shown in Fig. 4 (a) corresponds to data collected with 100 µs 

triangular pulses. The extrapolation of the fitted curve 

intercepts the temperature axis at 68.3 °C. This is a good 

estimate for the insulator to metal transition temperature (TIMT), 

and falls in range of TIMT reported previously [27-28]. 
Extrapolation of the fitting curve for data sets collected at other 

pulse frequencies also renders similar results (Fig. 4 (b)). We 

also notice that there is a slight increase in the TIMT with 

decreasing pulse width. This is likely caused by the decrease of 

switching voltage with increasing pulse width across all 

temperatures (Fig. 4 (c) shows a representative data set).  

 Next, a VO2 circuit was designed by connecting two VO2 

devices in series through a 237 Ω load resistor. The test circuit 

is shown in Fig. 5 (a) for reference. Hot plates were used for 

controlling the temperature of individual devices. 

The switching behavior of the circuit where two VO2 devices 
were connected is shown in Fig. 5 (b). A 4.4 V/ 10 µs duration 

triangular pulse was applied . Two distinct current spikes were 

observed at 4.29 µs and 4.76 µs. The rise time for the two spikes 

were 130 ns and 190 ns respectively. The VO2 devices switched 

back to insulating state at 7.5 µs. Two – step switching 

phenomenon is also observed when the pulse width was varied 

from 10 μs to 1 ms corresponding to the E-IMT of each 

connected device. The individual behavior of each of the 

connected devices is shown in Fig. 5 (c-d). The two-step 
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switching is only seen across the connected devices. The 

difference in the switching voltage is likely due to the subtle 

heterogeneity in the as-deposited film, causing slight 
differences in the behavior of individual devices. The two-step 

switching can also be controlled through applied pulse 

amplitude. Fig. 5 (e) shows the I-t curve evolution with respect 

to triangular pulse amplitude. Only one current spike is 

observed when the amplitude of the pulse is 4 V. Two-step 

switching onsets when the pulse amplitude is 4.2 V and higher. 

The peak current increased with pulse amplitude (Apulse) 

linearly when Apulse > 4.6 V, indicating that the transition to 

metallic state  is fully triggered in both devices (as shown in 

Fig. 5 (f)). This indicates the “on” resistance of D1 and D2 is 

not affected when triangular pulses with an amplitude larger 

than 4.6 V is applied.  

 
Fig. 5 (a) Test circuit with two VO2 devices placed at room temperature and 

connected through a load resister of 237 Ω. (b) Pulse current is measured with 

two-step switching behavior with respect to triangular input pulse of amplitude 

4.4 V and width 10 μs. (c) (d) single device spiking behavior of D1 and D2 

respectively. (e) Variation of two-step switching for different pulse amplitude. 

(f) Change in peak current (Ipeak) for different pulse amplitude (Apulse). A linear 

relationship of Ipeak and Apulse is observed when Apulse > 4.6 V.  
 To study the interaction behavior between VO2 devices in a 

circuit, one of the VO2 devices was slowly heated while the 

other device was kept at 25 °C. The experimental set up is 

shown in Fig. 6 (a). In this case, D2 is heated and the resulting 

I-t curve evolution with respect to temperature is shown in Fig. 
6 (b). Two step switching is clearly seen when D2 was kept at 

35 °C. The input voltage to trigger its E-IMT decreases with 

respect to increase in temperature. No E-IMT in D2 is observed 

when its temperature is > 60 °C. This behavior corresponds to 

VO2 undergoing a phase transition at around 68 °C. Since 60 

°C is very close to the phase transition temperature, minimal 

 
Fig. 6 (a) In the circuit, device 1 (D1) was placed at room temperature, while 

device 2 (D2) was heated from 25 °C to 70 °C. (b) Two-step switching behavior 

evolution of the connected VO2 with respect to temperature. The input 

triangular pulse has a pulse width of 100 μs and an amplitude of 4.5 V. (c) 

Evolution of input voltage to trigger D2 E-IMT with D2 excitation temperature. 

(d) Evolution of switching ratio (Ion /Ioff) of D2 with D2 excitation temperature. 

(e) Evolution of input voltage to trigger D1 E-IMT with D2 excitation 

temperature. (f) Evolution of switching ratio (Ion /Ioff) of D1 with D2 excitation 

temperature. The inset shows the current to trigger E-IMT of D1 with respect 

to D2 temperature. 

heating is sufficient to induce a phase transition. The described  

trend is shown in Fig. 6 (c).  A decrease in switching ratio of 

D2 device is shown in Fig. 6 (d). The switching ratio (Ion/Ioff) is 

calculated by the ratio between current right after and before 

device D1/D2 go through E-IMT. This corresponds to results of 

single device resistance versus temperature curve, where the 

resistance of VO2 decreases with temperature in insulating state 

(Fig. 2 (d)). The change of D2 temperature affects the input 

voltage to trigger the E-IMT of D1, as shown in Fig. 6 (e). We 
attribute this observation to the voltage divider effect when two 

resistors are connected in series. When the excitation 

temperature of D2 is elevated, the resistance of the insulating 

state decreases. This increases the voltage drop across D1, 

leading to a decrease in the input voltage to initiate E-IMT of 

D1. In addition we also noticed the switching ratio of D1 is 

independent of excitation temperature of D2 (Fig. 6 (f)). This 

corresponds to the fact that switching ratio is an intrinsic 

characteristic of individual devices. The inset in Fig. 6 (f)  

shows that the current to trigger the E-IMT of D1 has only a 

slight increase with increasing temperature. The increase (0.05 

mA) is within 10% of the current to trigger E-IMT at 25 °C  
(0.517 mA). If the initial resistance of D1 before E-IMT stays 
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the same, it is likely the power to trigger the E-IMT of D1 does 

not vary as D1 temperature changes. Similar measurements 

were performed on D2 (held at 25 °C) when D1 was kept at 
variable temperature (25 °C to 70 °C). This demonstrates that 

the input voltage to trigger D2 E-IMT is independent of the 

temperature of D1.

 
Fig. 7 (a) Spiking Neural Network simulated with the VO2 devices as stochastic 

neurons. The input layer consists of 784 neurons (28 × 28), followed by 400 

neurons each in the excitatory and inhibitory layer. The network architecture 

was adopted from Ref. [29], (b) The learnt weight patterns after training over 

60,000 training images of the MNIST dataset.  
The change in temperature in one VO2 device (D2) 

modulating the switching behavior of another device (D1) 

whilst also preserving the switching ratio can be a useful 

behavior of connected threshold switches. Previously, the 

switching of the IMT devices, which is probabilistic in nature, 

has been shown to emulate spiking neurons [30]. The additional 

control mechanism afforded by the temperature modulation can 

be used during training for homeostasis. In homeostasis, a 

single neuron is prevented from dominating the spiking pattern 

by making it harder for neurons to spike that have already 
spiked [29] and is a crucial enabling feature for learning in a 

SNN. Since such a property is neuron-specific, implementing 

homeostasis in crossbar array based systems requires complex 

peripheral scaling circuity interfaced with each crossbar column 

that scales the column output (or equivalently neuron input) 

accordingly [31]. Approaches to reduce the scaling circuitry to 

a single device in series with the stochastic VO2 neuron will be 

of interest in edge computing devices. In our proposed system, 

at the beginning of training, the control VO2 device (D2) is 

heated which results in the lowest median switching voltage for 

our VO2 neuron (D1). As the training progresses, the control 

device cools which results in the switching voltage of the 
neuron to increase, thus achieving homeostasis (Fig. 6 (e)).  

In a neural network, neurons may be interfaced with crossbar 

arrays of programmable synapses. In our network, the neurons 

are stochastic meaning the probability of firing at any particular 

time is a non-linear function of the instantaneous post-synaptic 

input. The measured probability of the VO2 device’s switching 

shows a sigmoidal dependence to the input voltage (Fig. 3 

(b,c)). A spiking neural network (SNN) with the VO2 devices as 

neurons is simulated for the standard digit recognition problem 

based on the MNIST dataset [14]. We use the PyTorch-based 

BindsNET [32] open-source library and the network 
architecture is adopted from [30] and is shown in Fig. 7 (a) 

consisting of an input layer of 784 neurons and an excitatory 

and an inhibitory layer of 400 neurons each. The excitatory 

neurons are connected in a one-to-one manner with the 

inhibitory neurons, such that, a spike in the excitatory neuron 

triggers a spike in its corresponding inhibitory neuron. The 

inhibitory neruons, on the other hand, are connected back to all 

the excitatory neurons, except for the one it receives a 

connection from. When an inhibitory neuron spikes, it inhibits 

all the other excitatory neurons, i.e., stops them from firing. 

This mechanism is known as lateral inhibition and leads to 
competition among excitatory neurons.  

 
Fig. 8 Simulated implementation in a crossbar array with stochastic VO2 

neuron. At each cross-point there is a programmable synapse. Inputs get 

modulated by the crossbar and the neurons receive the weighted summation of 

the input. The neuron probabilistically switches based on the input. Thermal 

coupling enables homeostasis functionality.  
Table II network simulation parameters 

Parameter Value 

Post and Pre-synaptic learning rate, A+, A- 10-2, 10-4 

Refractory period 5 timesteps 

Time constant for STDP dynamics, 𝜏+, 𝜏- 20.0 

Synaptic weights from excitatory to 

inhibitory layer, 𝑤𝑒𝑥𝑐−𝑖𝑛ℎ 

22.5 

Synaptic weights from inhibitory to 

excitatory layer, 𝑤𝑖𝑛ℎ−𝑒𝑥𝑐 

240 

Normalization factor 78.4 

 

Such a network can be implemented using a crossbar array 

of synaptic devices (Fig. 8). The input is presented to the 

network for 100 timesteps as Poisson spike trains whose 

frequency is proportional to the input pixel intensity and 

summed according to Kirchhoff’s law. The input is then applied 

across the VO2 neuron, which generates the spikes in a 

probabilistic manner according to the sigmoidal function. 

Homeostasis is implemented by the second VO2 device’s 

temperature modulation (Fig. 6 (e)).  The weight update 
happens in an unsupervised manner according to Spike-Timing 

Dependent Plasticity (STDP) [30, 33] as given by Eq. 1. 

Δ𝑤 =

{
 

 𝜂+ exp (
−Δ𝑡

𝜏+
)    𝑓𝑜𝑟 Δ𝑡 > 0

𝜂− exp (
Δt

𝜏−
)       𝑓𝑜𝑟 Δ𝑡 < 0

……………(1) 

The network simulation parameters are given in Table II. We 

find the network is able to successfully learn (Fig. 7 (b)) and 

achieves an accuracy of 88.9% over the test set after 2 epochs 

of training. This is comparable to accuracies reported for ideal 

software based networks with 400 neurons [29] and can be 
increased further in future by increasing the number of nodes in 

the network. 
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IV. CONCLUSION 

We have systematically characterized the electrical 

switching characteristics of individual and coupled VO2 devices 

as function of voltage pulse profile and temperature. In 

connected devices, the temperature of one device could affect 

the input voltage to trigger the IMT of another device. This 

observation could be explained by the voltage divider effect. A 

method for temperature-controlled homeostasis was proposed 

and experimentally measured stochastic switching behavior 

was implemented in a neural network to demonstrate digit 

recognition with accuracy comparable to software-based 

networks. 
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