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ABSTRACT: Vanadium dioxide (VO2) microresistors exhibit
resistive switching above a certain threshold voltage, allowing
them to emulate neurons in neuromorphic systems. However, such
devices present intrinsic cycle-to-cycle variations in their resistances
and threshold voltages, which can be detrimental or beneficial,
depending on their use. Here, we study this stochasticity in VO2
microresistors with various grain sizes and dimensions, through
high-resolution electrical and optical measurements across
numerous cycles. Our results highlight that the cycle-to-cycle
variations in threshold voltage increase as the grain size becomes
comparable to the device dimensions. We also present observations
of multimodal threshold voltage distributions in the smaller-length
resistors. To understand the underlying phenomenon, we
investigate the relationship between the device insulating resistance and threshold voltage distributions, showing that these
modes could correspond to distinct percolation paths and filaments. Our findings provide the first experimentally verified guidelines
for designing VO2 devices with minimized/maximized stochasticity, depending on the targeted application.
KEYWORDS: resistive switching, stochasticity, cycle-to-cycle variations, insulator-to-metal transition, grain size, device dimensions

Vanadium dioxide is a material that undergoes an insulator-
to-metal transition (IMT) from an insulating state with a

monoclinic crystalline structure to a conductive state with a
rutile crystalline structure upon increased temperature. This
transition is accompanied by a reduction in resistivity of several
orders of magnitude. In VO2 two-terminal microresistors, the
transition can also be triggered by the application of an
external voltage, through a debated combination of thermal
effects (Joule heating) and electrical effects (critical carrier
density).1−3 This volatile and hysteretic transition takes place
through a filamentary process,4−6 meaning only a portion of
the device becomes metallic. Figure 1 shows a typical VO2
microresistor along with its hysteretic I−V characteristic and
optical imaging of the metallic filament. This phenomenon is
of particular interest in neuromorphic systems and has been
harnessed to emulate analog spiking neurons, both computa-
tional7−10 and sensory.11−18 These neurons could respectively
serve as functional units and entry layers for spiking neural
networks, enabling sparse and energy-efficient encoding of
information.19,20. On the other hand, memristive effects
attributed to nonvolatile film alterations have been put in
evidence in VO2 microresistors,21−25 opening the possibility to
use them to emulate synapses.
All of these promising applications must deal with a

specificity of VO2 two-terminal devices: the variations of
their electrical characteristics from cycle to cycle. These
characteristics�depicted in Figure 1b�include the device

insulator-to-metal and metal-to-insulator threshold voltages
VIMT and VMIT, respectively, its voltage-dependent resistance in
the insulating state (Rins,0 close to zero bias and RIMT close to
the transition), and its resistance in the metallic state Rmet. In
certain applications of VO2 microresistors, such cycle-to-cycle
variations are desired and have been harnessed to realize
stochastic functions including probabilistic bits,26−28 neurons
implementing stochastic phase-locked firing or skipping7 and
stochastic resonance,29 stochastic oscillators,30,31 and random
access memories.32 In other cases, e.g. in sensory VO2 neurons
where stimuli are encoded in the spike rate,11−16 these
variations should be minimized as they induce jitter on the
oscillator frequency and can thus impede the sensor resolution,
as shown in a previous work.12 However, so far, there exist no
guidelines to design VO2 microresistors with controlled
stochasticity, meaning their functionality will be impeded by
the microfabricated film’s intrinsic physical properties.
Although the mechanisms behind these variations are not

fully understood, two phenomena stand out as possible causes,
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both of which take place during the relaxation from metal to
insulator (MIT). A first possible mechanism is the presence of
long-lived metallic domains25,35−37 which can persist up to
several milliseconds after the metallic filament resorption
(once the applied voltage is removed), in the region of the
device where the filament previously formed. Indeed, these
metallic islands serve as preferential nucleation sites for the
next transition,37 and their expected random nature27 could
result in slightly different insulating resistances and threshold
voltages from cycle to cycle. The presence of these metallic
domains has been observed through nano-XRD,25 optical
reflectivity,35 and dark-field X-ray microscopy measurements.37

A second possible mechanism is the fact that individual grains
might change crystalline orientation from cycle to cycle,
impacting the device insulating resistance and threshold
voltage. These changes have been imaged through TEM,38

and four possible transition pathways have been computed for
a crystallite undergoing MIT, corresponding to four 90°-
symmetrical crystalline orientations of the insulating phase.
Stochasticity could also be due to a combination of these two
phenomena. In both observations, variations of properties in
individual grains are involved: one thus expects to witness a

larger impact on the microresistor electrical property variations
as device dimensions get closer to crystallite size. However,
such a claim38 has never been experimentally verified nor the
impact on the magnitude of stochasticity quantified: this will
be the focus of this work. To test whether stochasticity is
dependent on the grain size/device dimensions ratio, we will
successively study the impact of grain size and VO2
microresistor length.
Starting with grain size, we synthesized two types of VO2

thin films of identical 135 nm thickness, but a 10-fold
difference in grain size. Both films were deposited on silicon
substrates with a 200 nm thick wet thermal SiO2 layer, at room
temperature through reactive DC sputtering from a vanadium
target in a 13%/87% oxygen and argon atmosphere, with
identical 17 min deposition time and 200 W plasma power. As-
deposited films were amorphous. Crystallization was triggered
through a 1 h long thermal annealing in an argon atmosphere,
yielding polycrystalline films. As highlighted in previous
works,39,40 increasing the annealing temperature typically
yields larger grains, thanks to the increase of species diffusion
and boundary migration rates. Oxygen concentration during
the sputtering step was also identified as a parameter having an
influence on grain size, but to a smaller extent, and hence was
not kept as a tuning parameter (Figure S1). The films were
thus respectively annealed at 500 °C (650 °C), yielding grains
with a mean size of 32 nm (210 nm) and 8 nm (77 nm)
standard deviation. These parameters were extracted through
SEM top view pictures and image processing (Figure 2a,b).
The grain structure is also impacted by the annealing
temperature (see SEM cross sections in Figure 2e,f): in the
first film, the small grains tend to stack up closely across the
layer thickness, while in the large-grain film, crystallite widths
span across the full film thickness. The films’ oxidation states
were assessed through Raman spectroscopy (Figure S2): all
observed peaks could be attributed to the VO2 stoichiometry.41

We performed X-ray diffraction (XRD) (Figure S3) to further
assess the films’ stoichiometry and crystallinity. Both showed
similar spectra: three peaks related to the vanadium oxide layer
were identified. The first corresponds to the VO2 (011) peak,
hinting that both films have a preferential (011) crystalline
orientation. The other peaks could correspond to three
vanadium oxide phases (discussed in Figure S3), whose
signatures were absent in the Raman spectra. These XRD
signatures are, however, present in both films, whose difference
in transition properties will be discussed further. To that end,
two-terminal microresistors were fabricated by depositing Ni/
Au bilayer electrodes (5 nm/150 nm) through e-beam
evaporation, patterned through lift-off. Since the VO2 layer is
not patterned, the microresistor channel area is solely
determined by electrode dimensions (Figure 2c,d).
To understand the impact of grain size on stochasticity, we

studied the I−V characteristics of two microresistors of
identical channel dimensions (L = 600 nm, W = 70 μm,
Figure 2c,d) fabricated from the small- and large-grain films,
respectively labeled devices A0 and B0. To obtain a good
estimate of the electrical parameters’ distributions, we
measured 300 voltage-driven cycles for each device. Measure-
ments were performed in a 3-probe configuration using a
Keysight B1500A Semiconductor Device Analyzer to extract
the exact voltage drop across the microresistor. The
compliance current was set to protect the device from
overheating during the metallic filament formation and avoid
damages to the crystalline structure.42−44 Measurements were

Figure 1. (a) Structure of a typical VO2 two-terminal device, together
with the measurement setup used to extract its I−V characteristic. (b)
Hysteretic voltage-driven I−V characteristic of a VO2 two-terminal
device, together with its electrical parameters in the insulating (blue)
and metallic (red) regimes. These parameters are the device insulator-
to-metal and metal-to-insulator threshold voltages VIMT and VMIT,
respectively, its voltage-dependent resistance in the insulating state
(Rins,0 close to zero bias, and RIMT close to the transition), and its
resistance in the metallic state Rmet. Resistances were extracted
through linear regression around a bias point. A current compliance is
set on the voltage source to protect the device in its metallic regime.
(c,d) High-resolution microscopy images of a VO2 two-terminal
device in both regimes. In its low resistance state (d), the metallic
filament is visible through contrast thanks to the change of optical
constants of the VO2 film when transitioning. Blue (insulating) and
red (metallic) colors have been added to the plot to enhance the
distinction between the two phases.
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performed on a temperature-controlled chuck at 35 °C to
ensure that the device did not follow room-temperature
fluctuations during measurements. We start by investigating
the distribution of the insulator-to-metal threshold voltage
VIMT, as it is a key parameter in most of the applications cited
above. Results are detailed in Figure 3.
A first difference between the two devices is a much lower

insulating resistance of the small-grain device (A0) compared
to the large-grain one (B0), and its IMT taking place at a lower
threshold voltage VIMT and higher current levels. In
consequence, we set different current compliances for the
two devices. To investigate the cause of this resistance
difference, we characterized the resistivity versus temperature
hysteresis of both films (Figure S4). In addition to a smaller
OFF-state resistivity, the small-grain film shows a smaller
transition temperature TIMT and OFF/ON resistivity ratios and
a larger hysteresis width. Several works have observed such
effects in correlation with grain size reduction.45,46 They
attributed them to the higher concentration of defects such as
oxygen vacancies, correlated to the higher grain boundary
density. Indeed, oxygen vacancies and defects have been shown
to concentrate at grain boundaries.47,48 Oxygen vacancies are
often correlated to a suboxidized state of the films (VO2−δ) and
have a an impact on the film hysteresis similar to that observed
in this work.49−52 They locally reduce the VO2 bandgap

50 and

can act as electron donors,52 contributing to the reduction in
resistivity; they also contribute to the destabilization of the
monoclinic state and increase the metallicity proportion in the
film,50 reducing TIMT. We thus present the hypothesis that the
small-grain film could correspond to an oxygen-deficient
VO2−δ stoichiometry with the presence of metallic VO2 states
and increased defect concentration, possibly related to oxygen
vacancies. The small-grain film also shows a smaller metallic
state resistivity compared to the large-grain film, which has not
been reported as a common effect of oxygen vacancies. This
could be due to the larger porosity and presence of “voids”
between grains in the large-grain film53 (Figure 2b,f). As the
two samples have identical (011) preferential crystalline
orientation (deduced from their XRD spectra), their difference
in resistivity is less likely to be related to anisotropic
conductivity present in VO2 single crystals.54

The second difference is that the large-grain device shows
larger cycle-to-cycle VIMT variability, confirming our hypothesis
that larger stochastic behavior would be observed with a
crystallite size getting closer to the device channel length.
Threshold voltages have been extracted over 300 cycles and
their distribution fitted (Figure 3g,h) after removal of a small
drift over time (∼0.001%/cycle, obtained from linear
regression). The difference in stochasticity is observed through
two features. First, the type of distribution is purely Gaussian
in the case of the small-grain device, while the large-grain
device shows a mixture of two Gaussians. Second, the widths
of these Gaussians, which we study through their standard
deviations σVIMT (in millivolts) and coefficients of variation
CVVIMT (standard deviation normalized by the mean, in
percentage of the mean). One notes an 18-fold ratio in σVIMT
and 8-fold ratio in CVVIMT when comparing the small-grain
and large-grain device (taking the Gaussian with smallest width
for the latter). The stochastic behavior scaling is thus true from
both an absolute and relative perspective.
To go further, we also investigated how the distributions of

the threshold voltages would evolve with the microresistor
channel length, as shown in Figure 4. We extracted VIMT values
from 300 measured cycles in devices of varying channel length,
fabricated from both the small-grain film (devices labeled A1−
A4, see Figure 4a) and the large-grain film (devices labeled
B1−B3, see Figure 4b). It is noteworthy that for small-grain
devices, the channel width changed from 70 to 6 μm compared
to the device studied in Figure 3a. The VIMT distributions of
these small-grain devices with reduced channel width and
length also appear to be Gaussian mixtures. The stochastic
behavior magnitude tends to decrease with increased channel
length, providing a second lever to tune intrinsic stochasticity
in VO2 microresistors. Once again, this stochasticity reduction
manifests itself through two distinct aspects: (1) the Gaussian
mixtures observed for devices of small channel length tend to
fuse into single-Gaussian distributions, and (2) the coefficients
of variation of the individual Gaussians are reduced, as channel
length increases. In all cases, the CVVIMT orders of magnitude
are similar to the previous case (see Figure 3e,f) and maintain
an ∼10 ratio between the large- and small-grain devices.
We separately investigate the physical causes for these two

aspects of our observations, starting with the reduction in
standard deviation/coefficient of variation with reduced grain
size and increased channel length. The percolation process
leading to the creation of a metallic filament during voltage-
triggered IMT has been shown to nucleate from “hot
spots”5,6,37 where Joule heating/electrical effects are of higher

Figure 2. Two-terminal devices of identical dimensions have been
fabricated from two VO2 thin films: a small-grain film and a large-
grain film (respectively in purple and orange, artificial colors). (a,b)
Top views of these films imaged through SEM with identical
magnification, showing a 10-fold difference in grain size (from ∼32 to
∼210 nm). (c,d) Devices labeled A0 and B0 with identical channel
dimensions of L = 0.6 μm, W = 70 μm. The length is defined in the
direction of the current. (e,f) Device cross sections imaged through
SEM, showing that despite having an identical thickness, the VO2
films have drastically different grain structures.
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intensity, and thus transition first. Once this group of
crystallites has transitioned, the voltage drop redistributes

across their neighbors which transition in their turn, triggering
the metallic filament. We hypothesize that VIMT values

Figure 3. (a,b) Voltage-driven I−V characteristics of the small-grain device (A0) and the large-grain device (B0) of identical dimensions (L = 600
nm, W = 70 μm), measured over 300 cycles. (c,d) Close-up views on the cycle-to-cycle variation in insulator-to-metal threshold voltage VIMT. The
larger variations in the case of device B0 are visible when comparing the colored x-axis of the two figures. (e,f) Extraction of VIMT for each cycle,
after drift removal. (g,h) Fit to Gaussian and Gaussian mixture distributions, respectively, for the small-grain and large-grain devices. Standard
deviations σVIMT and means μVIMT are indicated, as well as the coefficients of variation CVVIMT.

Figure 4. Impact of the VO2 devices’ channel length on their threshold voltage distributions. (a) Small-grain devices, for channel lengths of 600
(A1), 1200 (A2), 1600 (A3), and 2400 nm (A4). The channel width is 6 μm in all cases. (b) Large-grain devices, for channel lengths of 600 (B1),
1200 (B2), and 2400 nm (B3). The channel width is 70 μm in all cases. The mean and coefficient of variation are displayed for each individual
Gaussian. (c) High-resolution microscopy imaging of the metallic filament across 10 cycles in a small-grain device with a 2.4 μm long channel. The
plot shows normalized pixel grayscale values extracted along the channel width over 10 cycles.
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belonging to the same Gaussian correspond to closely located
hot spots, yielding filaments in similar positions. Indeed, recent
work showed that localized, ion-beam-induced defects reduced
the IMT cycle-to-cycle stochasticity by defining the filament
percolation hot spot.55 To further support our claim, we
imaged filaments in individual devices across several cycles
using a Microsanj optical microscope, acquiring images at a
wavelength of 530 nm wavelength. Results show that for
devices with larger channel width (those with single-Gaussian
VIMT distributions), the filament always forms at the same
location. Results for one of these devices are shown in Figure
4c, and the analysis has been repeated for other devices with
single-Gaussian VIMT distributions (Figure S5), showing that
filament width is relatively constant with channel width.
Although the filament always nucleates from closely localized
hot spots, slight alterations of the grains’ resistances from cycle
to cycle could affect the initial percolation path, yielding
variations in VIMT. As stated earlier, experimental observations
possibly explaining these variations include persistent metallic
domains,35 or changes in grains crystalline orientation,38 both
involving grains in the area of the previous cycle metallic
filament. In particular, the presence of residual metallic
domains has been shown to facilitate filament retriggering at
the same location from cycle to cycle.37 In both cases, as these
variations involve individual grains, one expects them to have
less impact on the IMT bias point if the percolation path
involves a larger number of grains or if these grains are more
uniform. In relation to that, we do show that the small-grain
film has a smaller grain size standard deviation. Regarding
uniformity, low cycle-to-cycle variability was recently re-
ported13 in VO2 microresistor threshold voltages (σVIMT and
CVVIMT of 9.4 mV and 0.71%) and was attributed to the
epitaxial nature of the VO2 film yielding highly uniform
crystallites. However, epitaxial growth requires non-CMOS-

compatible substrates, such as Al2O3. In the case of our small-
grain device A0 whose film was grown on Si/SiO2 substrates,
we observe both smaller σVIMT and CVVIMT (2 mV and 0.21%),
which shows that epitaxial growth might not be necessary to
minimize cycle-to-cycle variations.
The grain size variation comes with differences in the films’

material and electrical properties, which could also explain the
stochasticity difference between the resulting devices. First, the
large-grain film shows a sharper transition and a higher OFF/
ON resistivity ratio. In this case, filament formation could be
triggered from a smaller number of seed grains, as the
“percolation effect” (applied voltage redistribution across the
seed grains’ neighbors, precipitating the filament creation6)
could be stronger. This would imply stronger stochasticity in
large-grain devices, consistent with our hypothesis. Second, the
possible higher proportion of rutile VO2 within the small-grain
film insulating state,50 and the possible presence of another
vanadium oxide phase (hinted by XRD measurements), could
impact filament formation. Third, residual stresses and strain
(known to have large impacts on the IMT33,34) could be
present with larger inhomogeneity in the large-grain film. In
addition to these differences, dynamic effects related to the
decay of persistent metallic islands could play a role. In our
study, the high-resolution measurement of a single cycle lasts
for about 102 s, while reported time scales for long-lasting
metallic islands range from 10−2 35 to 102 s.37 Metallic islands
are also more concentrated at temperatures closer to TIMT.

35 It
is thus possible that small-grain devices, which have lower
TIMT, contain more long-lasting metallic domains, impacting
stochasticity. However, the strongest argument hinting at
stochasticity being correlated to the grain number in the
channel is its dependence on device length. This effect is
smaller for large grains: in this case, there is a smaller number

Figure 5. Distributions of the device insulating resistances close to zero bias (Rins,0) and right before the insulator-to-metal transition (RIMT), for
small-grain device A0 (a) and large-grain device B0 (b) of identical dimensions (L = 600 nm, W = 70 μm). (c−e) Investigation of these two
parameters for device A2, one of the devices showing a multimodal threshold voltage distribution (e). (c,d) Scatter plots of Rins,0 and RIMT,
respectively, against VIMT.
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of “possible seed grain locations” along the channel length axis,
which could explain this difference.
Let us now investigate the possible causes for the

multimodal Gaussian VIMT distributions. These could corre-
spond to distinct percolation hot spots and resulting filament
locations. To our knowledge, multimodal VIMT distributions
have not been analyzed in VO2 literature and have been solely
observed once in VO2 oscillators11 with no proposed
explanatory hypothesis. Our optical microscopy imaging
equipment resolution did not allow us to image the filament
in the devices showing multimodal VIMT distributions (due to
their small channel length). However, a previous work56

studied filament localization after voltage-triggered IMT upon
thermal cycling and found that while the filament always
formed at the same spot in devices of larger channel length, its
location was rather stochastic in devices of smaller channel
length. The authors attributed this to the higher electric field
arising across channels of shorter devices, triggering a purely
electrical, field-induced transition. Such a transition takes place
when carrier density locally reaches a critical threshold, as
recently observed in VO2 nanowires.57 Since field-induced
carrier generation is an inherently stochastic process, it could
happen in any individual grain of the channel and thus trigger
filament formation at different locations. Indeed, the
probability of a given grain to undergo field-induced IMT
increases exponentially with the local voltage drop across this
grain.4 As device distributions show a finite number of
Gaussians, we could argue that there could be preferential
sites for field-induced nucleation.
So far, most works that studied stochasticity in VO2 focused

on cycle-to-cycle variations in the threshold voltage
VIMT.

10,11,13,26,35 In this work, we also studied variations in
the insulating state resistance. The importance of taking Rins
variations into account has recently been highlighted in the
context of VO2 spiking sensors, showing that they contribute
to spike rate stochasticity with the same proportion as VIMT
variations.12 To perform this study, we distinguish the device
resistance close to zero bias Rins,0 from the resistance RIMT just
before the IMT (Figure 1b). Indeed, the OFF-state device
resistance decreases with Joule heating, as VO2 resistivity is
temperature dependent in its insulating phase. Figure 5a,b
compares the distributions of these two resistances for the
small-grain device A0 and large-grain device B0 of identical
dimensions. A full comparison of σ and CV values for the
distributions of Rins,0, RIMT and VIMT is available in Figure S6.
Once again, the large-grain device shows larger cycle-to-cycle
variations in the two studied resistances, from both an absolute
(σRins,0 and σRIMT) and relative (CVRins,0 and CVRIMT)
perspective. Intrestingly, the coefficient of variation of the
insulating resistance is much larger close to the IMT point than
around zero bias. This could hint that the previously
mentioned small variations in the resistances of individual
grains (persistent metallic islands, change in crystalline
orientation) are amplified when approaching transition.
Indeed, prior to IMT, the resistance of a given grain in the
channel follows a decreasing exponential temperature-depend-
ent law.4

More interestingly, studying the relationship between Rins,0,
RIMT and VIMT gives us insight on the causes behind bimodal
VIMT distributions. We perform this study for device A2, one of
the small-grain devices with bimodal behavior, using scatter
plots between its Rins,0 and VIMT values (Figure 5c) as well as
its RIMT and VIMT values (Figure 5d). The goal is to see

whether bimodal distributions are also observed in these two
parameters: while it is not the case for the resistance close to
zero bias Rins,0, for RIMT, two clusters corresponding to the
VIMT modes are clearly visible (Figure 5c,d). The resistance
just before IMT is dominated by the resistance of the zone
near the hot spot, as it will be less resistive and concentrate
current flow. These clusters hint that the two threshold
voltages could correspond to distinct hot spots in the channel,
while individual variations inside one cluster could be related
to changes in grains of the same hot spot, as explained earlier.
Such an observation gives further evidence that bimodal VIMT
distributions could correspond to distinct filamentary paths.
In conclusion, we bring evidence that cycle-to-cycle

variations in VO2 microresistor insulating resistance and
threshold voltage increase as the grain size approaches device
dimensions. We prove this claim by separately studying the
effects of grain size and channel length, showing that both are
effective parameters to control stochasticity in absolute and
relative ways. Reducing the grain size by ∼10 while keeping the
device width, length, and thickness constant allows the
threshold voltage coefficient of variation to be reduced by
∼10. Regarding device length, increasing it by a factor of 4
yields 6-fold and ∼2-fold reductions of CVVIMT for small- and
large-grain devices, respectively. Our explanations are based on
the previously studied existence of variations in individual
grains during relaxation, hinting that the formation of the
metallic filament will be less impacted by these variations if it
involves a larger number of grains. The grain size difference is
accompanied by large variations in the films’ transition
properties (possibly related to differences in metallicity, oxygen
deficiency, and composition). This could impact filament
formation and further contribute to the difference in cycle-to-
cycle stochasticity. However, the device-length dependence of
stochasticity provides strong evidence of its correlation to grain
size. For the first time, we thus provide experimentally verified
guidelines to design devices with minimized/maximized
stochasticity, depending on the targeted application (greater
device-to-device variability is, however, expected for large-grain
devices). These conclusions could possibly hold true for
resistive switching devices with filamentary transition based on
other materials (V3O5,

58 V2O3,
59 NbO2

60). We also detail
unprecedented analyses of multimodal distributions in thresh-
old voltages for devices of small channel length. By showing
the presence of clustering between the threshold voltages and
insulating resistances values in such devices, we show that
these modes could be attributed to distinct percolation hot
spots, contributing to the current understanding of stochastic
processes in VO2 devices.
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