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Resistive switching of VO, films grown on a thermal insulator
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Many correlated oxides feature an insulator-to-metal transition as the temperature is increased. In thin
films, this transition can be electrically induced by localized Joule heating, resulting in volatile resistive
switching. Considering the importance of thermal effects, the thermal conductivity of the underlying sub-
strate is expected to play a key role. Despite this, its influence has not been experimentally explored. Here,
we compare the resistive switching of VO, films grown on two substrates with very different thermal con-
ductivities k: sapphire [k~ 50 W/(m K)] and mica [k~ 0.5 W/(m K)]. While the overall features of the
electrical switching are similar, the VO,-mica devices need around one order of magnitude less power to
be switched, and their switching time is shorter. This can be understood by the improved thermal insula-
tion offered by the substrate, which keeps the heat within the film. Our work shows that thermal insulators,
such as mica, are a promising platform for energy-efficient volatile resistive switching.
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I. INTRODUCTION

Many transition metal oxides display an insulator-to-
metal transition (IMT) as the temperature is increased
[1,2]. This transition can be induced electrically by apply-
ing a sufficiently high voltage or current. Joule heating
can trigger a local IMT, leading to the formation of a per-
colating metallic filament and a sharp drop in resistance
[3—10]. The formation of this conducting filament does not
result from the migration of ions, as in resistive memory
devices, but from a locally induced insulator-to-metal tran-
sition triggered by current-generated Joule heating. Once
the external voltage is removed, the filament cools and
returns to the insulating state, yielding volatile resistive
switching [11,12]. This phenomenon has attracted much
attention in recent years, as it has been suggested as a
viable option for a number of applications in information
technologies, including optoelectronic switches [13—15],
spiking neurons [16—25], and probabilistic bits [26,27].

In recent years, extensive work has been undertaken to
understand what determines the switching properties in
these materials, i.e., the sharpness (|0V/d/|) of the volt-
age versus current (V=) curve, the switching time, and
the filament size. It has been suggested that the resistiv-
ity ratio across the transition, p;,s/Pmer, could govern many
of these properties [28—30]. The resistivity ratio broadly
varies from compound to compound, taking values rang-
ing from over 10°-10° for V,03 and 10°~10* for VO, and
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NdNiOj3 to 10-10? for Ti, O3, V30s, and SmNiO; [1,2]. A
large pius/Pmer 1€ads to a current focusing effect that results
in sharper V—I curves and faster switching since it sets
the resistivities inside and outside the filament [28-30].
High resistivity ratios pj,/pme: Will confine the electric
current to the region of the metallic filament and reduce
Joule heating outside. Therefore, insulating areas stay cold
and the filament is confined. For smaller resistivity ratios
Pins/Pmet, the insulating area around the filament becomes
leaky, leading to a current flow and an eventual broadening
of the filament. Sharper V—/ curves and faster switching for
larger pius/Pmer 18 Observed in the vanadate [28] and rare
earth nickelate [29,30] families. For instance, switching in
NdNiO; is fast (~5-500 ns) and the associated V—I curves
are sharp, i.e., they have large discontinuities. Meanwhile,
V—I curves are smooth and continuous in SmNiO;, and
switching times are one to two orders of magnitude slower.
Nevertheless, it has also been suggested that the differences
in substrate thermal conductivity can also explain these
trends [29,31]. A substrate with large thermal conductivity
would be more efficient at keeping insulating areas cooler
and, therefore, more resistive. This, in turn, could lead to
current focusing and sharper switching. As a result, this
would mean that films grown on a low thermal conductiv-
ity substrate would inherently feature smooth V—/ curves
and slow switching. On the other hand, it could be argued
that a thermally insulating substrate would be more effi-
cient at keeping heat on the film, accelerating the switching
process and inducing sharp switching.

To investigate the effect of thermal conductivity, we
have fabricated VO, microdevices on top of two substrates
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with a vast difference in thermal conductivity: sapphire
(k~50 W/m-K) and mica (k~ 0.5 W/m-K). The change
of VO, resistance across the IMT is within the same order
of magnitude. We observe that the shape of the V—I curves
is similarly sharp in both cases, with clear discontinuities.
For comparable voltages, switching speeds are compara-
ble or slightly faster for the mica case. However, we do
observe an important difference: switching power is dras-
tically reduced by using a thermally insulating substrate.
These results show that thermal insulators can provide
energy efficient and fast volatile resistive switching. This
could be of great interest for the development of low power
consumption in neuromorphic hardware [32,33].

II. SAMPLE FABRICATION

The VO, films were grown on R-cut sapphire (dimen-
sions 10 mm x 10 mm x 500 pm and mass ~180 mg) and
mica substrates (10 mm x 10 mm x 50 pm and ~17 mg)
via reactive sputtering from a V,0; target. The growth
was performed with an Ar-O, gas mixture (2.8% O,) at
a pressure of 4.3 mTorr at a temperature of 450 °C and
the samples were cooled to room temperature at a rate
of 10°C/min. The thickness of the sputtered films was
measured as 120 nm with a surface profiler. Raman mea-
surements showed the growth of only one single phase
in the films identical to that previously observed on sin-
gle crystalline VO, [34,35] (see Supplemental Material
[36]). The sapphire substrates were manufactured by MTI
Corp, with a reported out-of-plane thermal conductivity of
k=46.06 W/m-K at 0 °C. The thermal conductivity of sap-
phire is weakly anisotropic, with the ratio between the out-
of-plane and in-plane thermal conductivities amounting
to around ~1.07 [37]. High-quality muscovite mica sub-
strates of grade V1 were obtained from Ted Pella Inc. with
thermal conductivities at 0 °C of k=0.54 and 4 W/(m K)
perpendicular and parallel to the cleavage planes, respec-
tively [38,39]. To study resistive switching, an array of Au
electrodes was patterned on the surface of the films using
optical lithography (inset Fig. 1), leaving a 6.6 um spacing
between electrodes. The samples were measured inside a
probe station that allowed for measurements up to 380 K,
for which the sample was glued with thermally conduc-
tive copper tape to the heating stage. While mica presents
a highly anisotropic thermal conductivity, its in-plane con-
ductivity is still an order of magnitude smaller than that of
sapphire.

ITI. RESULTS AND DISCUSSION

Figure 1 shows the resistance of VO, films grown on
sapphire and mica as a function of temperature. For both
substrates, the VO, films display an IMT at ~340 K with a
change in resistance of 2—3 orders of magnitude. Although
the transitions are quite similar for samples grown on
the two substrates, there are small differences in the film
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FIG. 1. Resistance R of VO, films grown on sapphire and mica

as a function of temperature 7. The insets show a schematic view
of the device with Au electrodes patterned at a distance of 6.6 um
as well as a microscopic image of the device.

resistivities. The resistance of both films in the insulating
state is comparable, but films grown on sapphire have a
lower metallic state resistivity and a slightly larger change
across the IMT. The temperature-driven resistivity changes
Pins/ Pmer across the transition amount to ~3000 and ~1000
for sapphire and mica, respectively. The difference in resis-
tivity change might be due to the different film orientations.
Both films are polycrystalline, with a low degree of tex-
ture, visible in XRD scans (see Supplemental Material
[36]). Films on sapphire substrates are textured along the
[200]-direction. This direction is parallel to the vanadium
chains and, therefore, is the one where film expansion and
contraction are largest across the transition. This means
that the [200]-texture-directed films can freely expand and
contract along the IMT. Our VO, films grown on mica,
on the other hand, are textured along the [011]-direction,
as also reported previously for mica substrates [40]. This
means that the expansion and contraction are partially
constrained in the plane, which results in strain develop-
ing across the IMT—as was shown for related compound
V;,0; [10}—that might explain the slightly lower change
in resistivity for these samples.

Figures 2(a) and 2(b) show the direct current voltage
versus current characteristics (V—I loops) of the VO, films
grown on sapphire and mica substrates, respectively, mea-
sured by sweeping the current in steps of typically 0.1 mA.
For both substrates, the V- curves show volatile resistive
switching. At a threshold voltage V7, the metallic filament
percolates and the V—I curves show a sharp and discon-
tinuous jump that becomes sharper as the temperature is
lowered. Above 340 K, the films are already metallic and
no jumps are observed, as the voltage increases linearly
with increasing current, following Ohm’s law. It can be
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noted that the VO, film grown on sapphire features extra
switching discontinuities for an intermediate state at higher
currents [see the gray-shaded area in Fig. 2(b)]. These are
due to self-oscillations caused by the current source and
the residual load resistance in series, which have been
observed in numerous studies on resistive switching or
memristors realized on various materials [10,17,29,41]. In
this current range, the system is not stationary but oscillates
between a state with a percolating filament and one without
it. The presence of these device self-oscillations, how-
ever, does not modify the value of the switching power.
The main difference between the two substrates is Vi,
and the corresponding threshold current 7;; at which the
volatile resistive switching occurs. Figure 2(c) compares
the switching power P = Vy [y as a function of tempera-
ture for the two different substrates. The switching power
needed is around 510 times higher for sapphire than for
mica.

The difference can be understood with a simple estima-
tion of the heat flowing across a substrate of thickness
d, area A, and a temperature difference of AT across
its two sides. The rate of heat flow is given by QO =
kAAT/d. The ratio of the rates of heat flow across the sap-
phire and the mica substrate is, thus, given by Q,/Q, =
(ks/km)(As/Am) (AT AT ) (dn/ds). With (ks/km) = 100,
(As/Am) = 1, (dy/ds) = 0.1, and assuming (AT/AT,,) =
1, one obtains QS / Qm ~ 10. Therefore, in the presence of
the same temperature difference, the rate of heat flow will
be around 10 times higher for the sapphire substrate com-
pared with mica, which is in the same order of magnitude
as the observed difference in switching power.

We also studied the time-dependent transport response
of our devices upon application of a voltage pulse. A
square voltage pulse of 2 ms was generated with a func-
tion generator and applied to one of the electrodes of the
device. The other electrode of the device was connected to
a 50 Q impedance channel of an oscilloscope (see Sup-
plemental Material [36]). Using this setup, we directly
measured the electrical current passing through the device
as a function of time. This is shown in Figs. 3(a) and 3(b)
for both substrates (7= 335 K). Several amplitudes of the
voltage pulse are plotted in each case. At low voltages, i.e.,
3 and 1.5 V for sapphire and mica, respectively, the IMT
of VO, is not induced and the sample remains in the high
resistance state. When a threshold voltage of 4 and 2 V is
applied for mica and sapphire, respectively, the transition
into the metallic state is triggered after some incubation
time, T, has passed. As shown in Fig. 3(c), the incubation
time decreases as the applied voltage or the temperature is
increased.

Comparing the sapphire and mica samples, we can see
that the switching speed is comparable and only slightly
faster for VO, grown on mica. Despite a large reduction
in switching power, this similarity in switching speed can
be understood by considering two competing effects. On
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FIG. 2. Typical I-V loops for devices on VO, films grown on
(a) sapphire and (b) mica. Arrows indicate the sweeping direc-
tion of the current. The gray-shaded area in panel (a) marks the
region where the device shows self-oscillations for temperatures
320, 325, 328, and 330 K. (c) Switching power P as a function
of temperature T for several devices on sapphire (in red) and
mica (in blue) substrates. Different symbols represent different
devices.

one hand, the lower thermal conductivity of mica keeps
the heat on the film, accelerating switching. On the other
hand, a higher thermal conductivity reduces filament con-
finement and current focusing [31], reducing the positive
feedback loop that leads to resistive switching and slowing
the transition.
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FIG. 3. Current versus time in VO, devices grown on (a) sap-

phire and (b) mica substrates for IMTs triggered by different
voltages at a temperature of 335 K. The incubation time t;,.
indicated in panel (c) is the time between the application of the
voltage pulse at =0 s until the moment the IMT is triggered and
a current of 2 mA is reached.

IV. CONCLUSIONS

In summary, we have fabricated two-terminal VO,
devices on sapphire and mica substrates, which have very
different thermal conductivities. We observe that the sharp-
ness of the resistive switching and the speed at which the
device traverses from insulator to metal are comparable
in both cases. However, we observe an order of magni-
tude decrease in the switching power. Our work shows that
thermally insulating substrates are an excellent platform

for developing IMT-based neuromorphic hardware. Films
grown on top of mica feature a volatile resistive switching
that is as sharp and fast as those grown on sapphire, with
the added benefit of lower power consumption.
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