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ABSTRACT: Vanadium dioxide (VO2) has been widely
studied for its rich physics and potential applications,
undergoing a prominent insulator-metal transition (IMT)
near room temperature. The transition mechanism remains
highly debated, and little is known about the IMT at
nanoscale dimensions. To shed light on this problem, here
we use ∼1 nm-wide carbon nanotube (CNT) heaters to
trigger the IMT in VO2. Single metallic CNTs switch the
adjacent VO2 at less than half the voltage and power
required by control devices without a CNT, with switching
power as low as ∼85 μW at 300 nm device lengths. We also
obtain potential and temperature maps of devices during operation using Kelvin probe microscopy and scanning thermal
microscopy. Comparing these with three-dimensional electrothermal simulations, we ﬁnd that the local heating of the
VO2 by the CNT plays a key role in the IMT. These results demonstrate the ability to trigger IMT in VO2 using nanoscale
heaters and highlight the signiﬁcance of thermal engineering to improve device behavior.
KEYWORDS: vanadium dioxide, insulator-metal transition, carbon nanotube, scanning probe microscopy
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electrical devices based on two-terminal switching of VO2 are
expected to oﬀer faster,5 lower voltage,17−19 and lower energy2
switching as they are reduced to smaller dimensions, similar to
devices based on phase-change materials like Ge2Sb2Te5.20,21
Most two-terminal VO2 devices studied to date have had
dimensions ranging from ∼20 nm to a few microns,19 with
IMT behavior preserved in all cases. It remains to be seen if the
IMT in electrical devices changes once even smaller
dimensions are reached. Moreover, the nanoscale triggering
mechanism of VO2 is not completely understood, with some
debate on the role of Joule heating22 vs electric ﬁeld eﬀects and
carrier injection.23,24 The distinction partly arises from the
origin of the IMT (e.g., a Peierls structural transition triggered
by heating and electron-phonon coupling vs a Mott electronic

aterials with an abrupt insulator-metal transition
(IMT) have garnered much interest, both to study
the role of electron correlations in creating new
electronic phases and for their variety of potential applications
in optics and electronics.1,2 Vanadium dioxide (VO2) has one
of the most pronounced transitions among these, with a
structural transition from monoclinic to rutile at ∼340 K. This
results in a drop of electrical resistivity by up to 5 orders of
magnitude, accompanied by signiﬁcant changes in optical
properties.3,4 This transition can be induced electrically on a
subnanosecond time scale by using current ﬂow, and reverses
once the stimulus is removed.5 These properties have made
VO2 a candidate for threshold switches and selectors,6−8
transistors,9,10 oscillators,11,12 and tunable metamaterials for
optoelectronics.13−16
Integrating IMT materials with modern semiconductor
technology to build these applications will require knowledge
of their behavior at nanoscale dimensions. For example,
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Figure 1. Fabrication process (layers are not to scale). (a) Aligned CNTs are grown on ST-cut quartz via CVD, with Fe catalyst particles.27
(b) Au is e-beam evaporated onto the CNTs, then peeled oﬀ the quartz using thermal release tape. (c) The Au-coated CNTs are pressed
onto VO2 grown epitaxially by pulsed laser deposition (PLD) on TiO2.28 The thermal release tape is then removed by heating to 130 °C. (d)
After a plasma clean to remove remaining tape adhesive, the Au is wet-etched, leaving behind CNTs on VO2. (e) SEM image of CNTs on
VO2. The small dots are residue left by the transfer process. (f) Excess CNTs outside planned VO2 stripes are removed with an O2 plasma,
then the VO2 is wet etched in diluted nitric acid. (g) Schematic of a fabricated VO2 device with CNT heater and measurement setup, after ebeam evaporation and lift-oﬀ of Pd contacts. The width, W, and length, L, of the patterned VO2 region are as labeled. The thickness of the
VO2 is ∼5 nm in ﬁnished devices after all processing steps. Similar control devices were fabricated without CNT heaters. (h) For shorter
devices, additional Pd contact extensions are added. Optical image of a short (L = 520 nm, W = 3.9 μm) VO2 device. (i) Measured resistance
of a VO2 device without a CNT heater as a function of stage temperature. (L = 5 μm, W = 7 μm).

RESULTS AND DISCUSSION
We fabricated nearly 1000 two-terminal VO2 devices with and
without CNTs on top. Aligned CNT arrays were grown on a
separate quartz substrate, then transferred27 onto thin ﬁlms of
single crystal VO2 grown epitaxially28 on TiO2 (101), as
illustrated in Figure 1a−d. The CNTs were coated with 100
nm of Au by electron-beam (e-beam) evaporation, then peeled
oﬀ the quartz and transferred onto VO2 using thermal release
tape. The Au was wet-etched to leave only CNTs on VO2 (see
Methods for additional details). A scanning electron microscope (SEM) image of transferred CNTs on VO2 is shown in
Figure 1e. Excess CNTs were removed, and the VO2 was wet
etched into stripes (Figure 1f, also see Methods). E-beam
evaporated Pd contacts were added to make complete devices,
as shown in Figure 1g,h.
We used electrical testing and atomic force microscopy
(AFM) scans to select devices with single metallic CNTs for
further study and for comparison to control devices without a
CNT. (The selection process and comparisons with multiple
CNT or with semiconducting CNT devices are described in
the Supporting Information Section 2.) Figure 1g shows the
schematic of a VO2 device with a single CNT heater, both
extending underneath Pd contacts. A series resistor RS is used
as a current compliance to protect devices from overheating

transition based on carrier concentration) and will provide
insight into the types of devices that can be designed.
In this work, we probe the mechanism of VO2 switching at
the nanoscale. To extend below the limits of lithography, we
use single-wall metallic carbon nanotube (CNT) heaters to
trigger the VO2 transition. Due to their ∼1 nm diameter, such
metallic CNTs are ideal candidates for probing a nanoscale
phase change or IMT, as Joule heaters (capable of reaching
∼600 °C in air and ∼2000 °C in vacuum) or electrodes.25,26
By using the localized heating of a metallic CNT, we are able
to initiate the IMT at the nanoscale, at a lower power than
relying on Joule heating in the VO2 itself, which is promising
for the development of applications requiring nanoscale VO2
devices. We also use Kelvin probe microscopy (KPM) and
scanning thermal microscopy (SThM) to obtain highresolution spatial maps of the electric potential and temperature changes in our devices during operation, to understand
their switching mechanism. We ﬁnd good agreement between
our experimental results and electrothermal simulations,
conﬁrming that Joule heating plays a major role in our devices,
both with and without a CNT.
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Figure 2. Electrical switching of devices with and without a CNT. (a) Typical switching of “long” devices with and without a CNT (L = 6.1
μm, W = 3.2 μm) using DC voltage control. (b) Typical switching of “short” devices with and without a CNT (L = 520 nm, W = 4 μm) using
DC voltage control. The short devices and the devices with a CNT heater have much lower switching voltages, VIMT, labeled with * on the
ﬁgures. Arrows show voltage sweep directions, and dashed lines indicate snapbacks. (c) Measured VIMT as a function of length for devices
with (blue circles) and without (red triangles) a CNT. Dotted lines represent a linear ﬁt. (d) Switching power, PIMT, normalized by VO2
width, for devices with (blue circles) and without (red triangles) a CNT. The dotted lines represent a linear ﬁt. Adding a CNT approximately
halves switching power at all length scales.

There are signiﬁcant diﬀerences in the I−V characteristics
when a single metallic CNT is present. Prior to the IMT there
is higher current and a sublinear behavior typical of current
saturation due to self-heating in the CNT.29 The IMT of the
VO2 occurs at much lower power, because the (hot) CNT is
able to switch a highly localized VO2 region at signiﬁcantly
lower voltage compared to Joule heating within the entire VO2.
Once an initial region of VO2 below the CNT has switched,
the increased current from the metallic VO2 becomes selfsustaining, and the metallic region can expand, leading to a
large and abrupt increase in current. The metal-insulator
transition (MIT) that occurs when the voltage is ramped back
down is unaﬀected by the CNT, which no longer carries the
majority of the current once the voltage snapback occurs.
Hysteresis is observed in both types of devices because TIMT ≠
TMIT and because at a given voltage, metallic VO2 will cause
more heating (∝ V2/R) than insulating VO2. Due to the
reduction in VIMT, devices with a CNT have a signiﬁcantly
smaller total hysteresis window. As expected, both types of
devices show a decrease in VIMT with rising ambient
temperature (Supporting Information Section 2). At all
temperatures measured, devices with a CNT display lower
switching voltage and power compared to control devices
without a CNT.
These diﬀerences in I−V characteristics of VO2 devices with
and without a CNT are also seen at shorter length scales (i.e.,
Pd contact separation), shown in Figure 2b. Switching is
consistently triggered by the ∼1 nm-wide CNT at all length
scales, shown in Figure 2c−d. The presence of a CNT halves
the required switching voltage and power in all devices

failure in the metallic state and to reduce current overshoot
from external capacitance (e.g., cables and probe arm). The RS
value (20−200 kΩ) is chosen to be a small fraction of the
insulating VO2 resistance, but higher than the metallic VO2
resistance, as detailed in the Supporting Information Section 2.
Figure 1h shows an optical image of a shorter device, fabricated
by adding Pd contact extensions. The measured resistance of a
VO2 device without a CNT is shown in Figure 1i as a function
of stage temperature, displaying the transitions at ∼328 and
∼321 K for heating (TIMT) and cooling (TMIT), respectively,
and a change in resistance over three orders of magnitude.
Figure 2a compares typical measured voltage-controlled I−V
characteristics of VO2 devices with and without a CNT (L = 6
μm) at room temperature (T0 = 296 K). Electrical switching is
repeatable and independent of bias polarity, with similar
behavior consistently observed across hundreds of devices. The
non-CNT device behaves linearly as a resistor, until signiﬁcant
Joule heating begins to occur. As the VO2 temperature
increases, it becomes more conductive, and the I−V curve is
increasingly superlinear. Once the transition occurs at a critical
voltage VIMT, most of the applied bias is dropped across RS,
causing a snapback in device voltage. In the metallic state, RS
dominates over the VO2 resistance, limiting the maximum
current, power, and on/oﬀ ratio observed. Because RS is used
to limit heating, if devices were operated at much shorter time
scales, then RS could likely be reduced, recovering more of the
intrinsic on/oﬀ ratio of the VO2. RS can also be used to control
the resistance and volume of the VO2 that is metallic
(Supporting Information Figure S8).
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Figure 3. Topography and Kelvin probe microscopy (KPM) of VO2 devices with and without a CNT. (a) Topography of VO2 control device
without a CNT. (b−d) Flattened KPM images of the same device with increasing bias Vs (also see Figure 1g). The Pd electrodes are outside
the top and bottom margins of the device images, biased as marked. (e) Topography of a VO2 device with a single metallic CNT, indicated
by the arrow. (f−h) Flattened KPM images of the same device with increasing bias, revealing localized switching caused by the CNT. All
scale bars are 1 μm.

devices with and without a CNT, respectively. Although the
power reduction observed in devices with a CNT comes partly
from localized switching reducing the required ﬁeld, a
signiﬁcant part comes from the diﬀerence in contact resistance,
which could limit the switching voltage and temperature in
nanoscale thin-ﬁlm devices.
Given that the switching current is similar between devices
with and without CNTs for the device dimensions used
(Supporting Information Figure S3), Figure 2d shows that
there is a reduction in power at all length scales by using a
CNT. Normalization by VO2 width is appropriate for devices
without a CNT, but adds spread in the PIMT of devices with a
CNT, whose switching does not depend on the VO2 width.
Power scales linearly with device length, and our shortest
devices with and without a CNT have switching powers of 85
μW and 260 μW, respectively, among the lowest reported at
similar ΔT = TIMT − T0.6,19 It is expected that further reducing
our device length and width would reduce switching power.
These results demonstrate the feasibility of VO2 switching
down to the nanoscale, with its IMT behavior preserved, and
that there are power beneﬁts to doing so.
The debate regarding thermal and non-thermal IMT eﬀects
prompts us to examine whether our electrical results can be
explained solely by Joule heating. To gain insight into the
switching mechanism of devices with a CNT, we utilize KPM
and SThM scanning probe techniques. KPM is a non-contact
scanning probe technique that detects changes in the surface
potential across a sample.33 We use KPM to study the potential
in biased VO2 devices with and without a CNT. On the other
hand, SThM is a contact-mode scanning probe technique that
uses a thermo-resistive probe sensitive to temperature changes
on the surface of a sample with a spatial resolution of <100
nm.34,35 We use SThM to study the heating proﬁle of biased
devices in order to identify the thermal contribution of the
CNT to the IMT of the VO2.

measured, including our shortest 300 nm lengths. Figure 2c
shows that switching voltage scales linearly with length for
both devices types. (Width scaling of our VO2 devices is
displayed in Supporting Information Figures S4 and S15.)
Shorter devices have lower resistance and higher Joule heating
at a given voltage, thus requiring a lower voltage and power for
switching. An eﬀective switching ﬁeld can be extracted from
the slope of the linear ﬁts in Figure 2c, giving 3.5 ± 0.2 V/μm
with a CNT and 7.6 ± 0.2 V/μm without, though this does not
necessarily indicate a ﬁeld-switching mechanism. If switching
were triggered by ﬁeld eﬀects such as carrier injection, then the
ﬁeld extracted would be a description of the VO2 quality and
the eﬃciency of the switching mechanism. For a Joule heating
mechanism, the ﬁeld would be determined by the electrical and
thermal properties of the materials that set the maximum
device temperature (including ambient temperature, uniformity of heating, thermal conductivities and thermal boundary
resistances, resistivities, etc.).
The vertical axis intercept in Figure 2c (2.0 ± 0.8 V with a
CNT and 6.8 ± 1.0 V without) corresponds to the voltage
drop (contact resistance) and heat loss at the contacts.19 This
intercept depends on the contact material17 and its temperature-dependent contact resistivity.30,31 The large diﬀerence
between the intercept of devices with and without a CNT is
likely due to a lower contact resistance of Pd to the CNT than
the VO2. An estimate of the contact resistance at switching can
be found using the intercept and typical switching currents
(Supporting Information Figure S3), giving 32 ± 15 kΩ and
123 ± 48 kΩ for devices with and without a CNT, respectively.
This is consistent with other estimates (Supporting Information Section 2),29,32 but due to non-uniform current ﬂow, a full
interpretation of these values is diﬃcult. The ratio between the
voltage drop at the contacts and the eﬀective switching ﬁeld
yields a characteristic length below which the switching voltage
could be contact-dominated, ∼0.6 μm and ∼0.9 μm in our
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Figure 4. (a) Topography of an unbiased device with a single metallic CNT. (b) Topography of the same device covered by 50 nm of PMMA,
with the CNT no longer visible. (c) SThM of the device under bias, prior to the metallic transition which occurs at VS = 27 V (VIMT = 20.3
V). (d) Simulated surface temperature on top of the PMMA, at the same device bias voltage. (e) Measured I−V characteristics of the device
(solid blue) compared to the model (dashed light blue), with switching marked by a *. (f) Simulated temperature proﬁle across the VO2
(red) and on the PMMA surface (purple) perpendicular to the CNT along the dashed white line in (d). The location of the CNT
corresponds to the peak in VO2 temperature. Scale bars are 1.5 μm.

is linear, ﬂattening reveals a small local concentration of the
surface potential around the CNT in the insulating state (g).
Once the device switches to the metallic state (h) and voltage
snapback occurs, the ﬂattened potential appears much more
uniform across the device, with the CNT having little eﬀect
anymore.
The contrast in the potential across the devices with and
without a CNT indicates that the CNT has a large impact on
the VO2 switching. This could be a result of ﬁeld enhancement
or due to a thermally induced change in VO2 conductivity or
workfunction. To test whether this can be attributed to
thermal eﬀects, we perform SThM on a similar VO2 device
with a CNT. Figure 4a,b shows topographic scans of this
device before and after capping with a 50 nm layer of
poly(methyl methacrylate) (PMMA), with the CNT no longer
visible after capping. This PMMA layer is needed for electrical
insulation between the SThM probe and sample surface. The
contacts are at the top and bottom of the image, and the device
is held at a constant voltage, VS = 17 V, with RS = 200 kΩ. The
SThM results in Figure 4c prior to switching conﬁrm that there
is signiﬁcant localized heating around the CNT.
To quantify the local temperature rise in the VO2 induced
by the CNT, we perform three-dimensional ﬁnite element
simulations which self-consistently consider electrical, thermal,
and Joule heating eﬀects. The electrical conductivities of both
the CNT and the VO2 are described as a function of
temperature (Supporting Information Section 4). We also
include electrical contact resistances and thermal boundary
resistances, which cannot be neglected. The simulated device
has the same dimensions as the real device scanned by SThM,

Figure 3a shows a topographic scan of a VO2 device without
a CNT, and Figure 3b−d shows KPM results for that device,
with applied voltages VS as labeled. Scans are centered on the
VO2 channel, with the TiO2 substrate revealed along the left
and right edges. The small spots are carbon-based residue from
processing. The contacts are just outside the scan with the
grounded electrode at the top and the positive electrode at the
bottom, connected to RS = 200 kΩ (see Figure 1g). Figure 3b
shows a KPM scan with no bias across the device. The VO2
appears uniform, with a slight contrast against the process
residues and TiO2. Figure 3c,d shows KPM scans taken with a
constant voltage VS applied, (c) in the insulating state and (d)
once the VO2 has electrically switched to the metallic state. In
biased devices, there is a linear decrease in potential from the
positive electrode to the grounded electrode (see Supporting
Information Section 3). The scans have been processed with a
ﬁrst-order line ﬂattening operation to remove this, highlighting
local diﬀerences in surface potential across the device width. In
both states, the device has for the most part a nearly uniform
potential drop along it, with no strongly localized ﬁelds. In the
metallic state, some slight variation exists across the width of
the device from local diﬀerences in temperature and
conductivity.
Figure 3e shows a topographic scan of a VO2 device with a
CNT, and Figure 3f−h shows KPM results for the device, with
potential variation across the width that diﬀers signiﬁcantly
from the non-CNT device. The orientation of the electrodes
relative to the images is the same, with the VO2 edges just
outside the scan on the left/right. These images were
processed in the same way. Although the raw potential drop
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Figure 5. (a) Simulated temperature on the surface of a device with a CNT (L = 5 μm, W = 4 μm) after the metallic transition, with Rs = 200
kΩ. The color scale bar is cut oﬀ at TIMT = 328 K to highlight the switching region as dark red, but the central VO2 and CNT temperatures
are higher. (b) Simulated I−V curve of a device with a CNT using voltage control, including hysteresis. (c) Simulated I−V curve of a device
without a CNT using voltage control, including hysteresis. The switching voltage (*) is much higher without the CNT to act as a heater. (d)
Simulated switching voltage VIMT and current IIMT for devices without a CNT as the device dimensions D are reduced (L = W are
simultaneously reduced).

ing voltage and hysteresis between the two types of devices,
using only Joule heating in the model and no other ﬁeld eﬀects.
Thus, combined, our simulations, KPM, SThM, and electrical
results suggest that Joule heating is a valid explanation for the
mechanism of switching in our devices. Although a thermally
assisted ﬁeld mechanism cannot be excluded using our data
(e.g., heating can increase carrier concentration to trigger a
Mott transition or reduce the energy barrier for ﬁeld-induced
switching), Joule heating plays a key role in switching devices
even in the narrow VO2 region activated by the hot CNT.
Using this electrothermal model, switching voltage VIMT and
current IIMT can be simulated for VO2 devices without a CNT
down to the nanoscale, shown in Figure 5d. The length and
width of devices were simultaneously decreased, and a study of
the separate eﬀect of length and width may be found in the
Supporting Information Section 4. As the device dimensions
are reduced, IIMT steadily decreases and so does VIMT until
becoming dominated by contact resistance to the narrow VO2
stripe. Combined, this results in a linear decrease of switching
power PIMT with device size. Adding a CNT to a nanoscale
VO 2 device would result in further reduction of V IMT
(especially if the contact resistance to the CNT is low and
its heat transfer to the VO2 is eﬃcient) while slightly increasing
IIMT, resulting in a similar overall switching power.

capped by 50 nm of PMMA with a CNT at the device center.
Simulating the device at the same bias as the SThM scan, we
see in Figure 4d a similar temperature proﬁle on the PMMA
surface compared to the real device. Figure 4e shows that we
can reproduce the experimental I−V curve, with the simulated
device having VIMT ∼ 20 V. Figure 4f shows the simulated
temperature proﬁles on the VO2 and PMMA surface at the
SThM bias point, in the center of the device perpendicular to
the CNT. The peak temperature in the VO2 directly
underneath the CNT is higher and the temperature rise
much more laterally conﬁned than observed on the PMMA
surface. Only a few-nanometer wide VO2 region under the
CNT will reach TIMT and trigger the transition, compared to
nearly the entire device width when a CNT is not present
(Supporting Information Figure S14a). The CNT itself is
much hotter, reaching a temperature of ∼400 K, but the
thermal boundary resistance (between CNT and VO2) and
small contact area limit heat ﬂow from the CNT to the VO2.
When the series resistance RS (= 200 kΩ) is added to the
model to limit positive feedback, the simulation can also
reproduce switching to the metallic state, as shown in Figure
5a for a device with a CNT. These simulations show that the
metallic VO2 forms a narrow conducting “ﬁlament,” ∼10 nm
wide, just beneath the CNT. Switching is always triggered
beneath the CNT regardless of its location in the VO2 channel,
meaning that using a localized heater can provide a means of
control over switching location. Full I−V curves for both
devices with (Figure 5b) and without (Figure 5c) a CNT can
be simulated by sweeping the voltage, where the downward
sweep uses the cooling branch of the R(T) curve (Figure 1i) to
model hysteresis. Both curves reproduce experimental I−V
behavior remarkably well, including the diﬀerences in switch-

CONCLUSIONS
In summary, we have shown that the IMT switching of VO2
can be triggered by nanoscale heaters made of individual
metallic CNTs. Two-terminal VO2 devices with CNTs exhibit
switching at less than half the voltage and power of traditional
VO2 devices without a CNT, at all length scales. Using a
combination of scanning probe techniques and ﬁnite element
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simulations, we studied the origin and scale of the IMT in such
devices with and without CNT heaters. Our results are
consistent with a Joule heating mechanism in which the CNT
locally heats the VO2 and triggers IMT in a narrow region.
These results highlight the importance of thermally engineering devices for low-power switching, by using conﬁned heating
in small volumes, and are also applicable to a wide variety of
thermally activated phase-change and resistive switching
devices.

discussion of contact resistance, additional KPM images,
all COMSOL simulation details (PDF)
Movie illustrating the simulated temperature evolution
in a VO2 device with CNT during an I−V curve (MP4)
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pressed onto the VO2. The tape was released on a hot plate at 130 °C,
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plasma clean (20 sccm, 25 mTorr, 55 W, 3 min) followed by an Ar
plasma clean (15 sccm, 12.5 mTorr, 100 W, 3 min) were done to
remove remaining tape adhesive on the Au, with the VO2 protected
from damage by the Au ﬁlm. The remaining Au was removed using a
KI wet etch, leaving behind aligned CNTs on the VO2. Some carbonbased residue is left after the transfer process (Figure 1e).
The VO2 and CNTs were patterned into stripes of width W = 3−9
μm using a photoresist etch mask. CNTs outside the VO2 stripes were
removed using a light O2 plasma (20 sccm, 150 mTorr, 30 W, 1 min),
then the VO2 was wet etched for 30 s using a 25% nitric acid solution.
Two-terminal devices were fabricated with 50 nm-thick Pd contact
pads (with no Ti sticking layer) with dimensions 300 μm × 250 μm
via e-beam evaporation and lift-oﬀ, with spacing (device lengths)
ranging from L = 3 to 10 μm (Figure 1g). Shorter devices with L =
300 nm to 2 μm were made by adding small extensions of 50 nmthick Pd to the existing pads using e-beam lithography (Figure 1h).
Presence of metallic CNT(s) in devices was veriﬁed electrically and
the number of CNTs conﬁrmed by atomic force microscopy (AFM).
The VO2 ﬁlm thickness after all processing and etching steps is ∼5 nm
measured by AFM.
Electrical measurements are performed in a micromanipulator
probe station from Janis Research, under vacuum (<10−4 Torr) with a
Keithley 4200-SCS parameter analyzer applying a voltage VS, all at
room temperature (T0 = 296 K) unless otherwise stated. A series
resistance RS = 20 kΩ and 100 kΩ is used for short (<2 μm long)
devices with and without CNTs, respectively, and 200 kΩ is used for
all other devices. KPM is done on an Asylum Research system with a
high-voltage module, while the device is biased at a constant voltage.
Devices are coated with 50 nm-thick 2% 495 K PMMA in anisole to
carry out passive-mode SThM measurements. PMMA is used rather
than an oxide capping layer, because oxide deposition can reduce the
stability of the CNT and VO2. The SThM tip (Pd on SiN, model PREX-GLA-5 from Anasys) is a thermo-resistive element sensitive to
electrical discharges, so this capping is necessary in order to
electrically isolate the tip from the device while it is biased. SThM
is done in passive mode, with a 0.5 V set point and a 0.5 V tip bias.
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1. VO2 Characterization and CNT Growth
VO2 thin films 9 nm thick were deposited using pulsed laser deposition on 1 cm2 single crystal TiO2
(101) pieces.1 As-deposited VO2 films were smooth with an rms roughness of ~1 Å. X-ray photoelectron
spectroscopy (XPS) indicated the presence of a very thin surface oxidation, likely V 2O5 (Figure S1).
Separately, horizontally aligned single-wall carbon nanotubes (CNTs) were grown via chemical vapor
deposition (CVD) on ST-cut quartz using an ethanol source, which resulted in CNTs with an average
diameter of 1.2 nm.2 The CNTs grew perpendicular to patterned stripes of 1.3 Å thick Fe catalyst
nanoparticles, resulting in a mixture of semiconducting and metallic CNTs with a random spacing between
them, on average 0.3 CNT/μm. This density was chosen so that fabricating 3 to 9 μm wide VO2 channels
would result in a mixture of devices with no CNT, a single CNT, and multiple CNTs.
VO2
(V4+)

Intensity [a.u.]

V2O5
(V5+)

524

520

516

512

508

Binding Energy [eV]

Figure S1. X-ray photoelectron spectroscopy (XPS) of the VO2 film prior to processing, with V2p3 peaks
indicating a VO2 composition with a slight surface oxidation.

2. Electrical Measurements of Devices
2a. Additional Electrical Characterization
Measurements shown were all performed under vacuum (< 10-4 Torr), removing potential effects of
atmosphere or water vapour on the CNTs. However, measurements can safely be done in air and yield
similar results. Figure S2 shows that devices have the same switching voltage and I-V characteristics
regardless of bias polarity. Conduction is linear at low bias in either direction, suggesting ohmic contacts.
Figure S3 shows that the threshold current (IIMT) for most devices (with or without a CNT) falls roughly
in the same range. For devices without a CNT, switching depends on the VO2 heating that occurs throughout
the entire volume. In other words, without a CNT the threshold current would be higher in thicker or wider
VO2 devices (due to larger VO2 volume) and higher in shorter VO2 devices (due to heat loss to the contacts).
These trends can be seen in the spread of IIMT for devices with VO2 of different widths but without a CNT,
in Figure S3a, as well as in Figure S15. However, most of our experimental devices had the same VO 2
thickness and nearly the same VO2 widths, thus not much variation is seen in their threshold currents. In
devices with a CNT we expect the switching current to be independent of VO2 width, because the narrow
CNT triggers the same heating regardless of the width of the VO2 stripe underneath. The switching voltage
of VO2 devices with a CNT is lower because initially the current flows mostly in the CNT, which heats up
more easily. Figure S3b shows switching current normalized by VO2 width, which is appropriate for devices
without a CNT but adds spread in the IIMT of devices with a CNT.
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A slight increase in device switching voltage (VIMT) is observed in narrow devices without a CNT, as
shown in Figure S4a (accompanying simulations are in Section 4b). After burn-in, which is larger for
narrower devices (Section 2e), VIMT has a much weaker width dependence across the range of device widths
measured (3 to 9 μm). As the VO2 width is reduced the switching current and power decrease slightly,
shown in Figure S4b and S4c, respectively. In contrast, devices with a CNT show no dependence of VIMT
on VO2 width, and depend solely on the CNT quality and the efficiency of heat transfer to the VO2.

I [A]

with CNT

no CNT

VS [V]

Figure S2. Forward and reverse DC voltage-controlled switching of devices with (L = 6 µm, W = 2.9 µm)
and without a CNT (L = 6 µm, W = 5.1 µm), showing switching is independent of polarity.
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Figure S3. (a) Total current just prior to switching (IIMT) for devices with (blue circles) and without (red
triangles) a CNT, for a variety of widths (W = 3 to 9 μm). (b) IIMT normalized by VO2 width W, for devices
with (blue circles) and without (red triangles) a CNT.
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Figure S4. (a) Switching voltage VIMT for devices without a CNT is higher in narrower devices during the
first switching event. After burn-in (Section 2e), VIMT shows a much weaker trend with width. (b) Switching
current IIMT for devices without a CNT scales linearly with width. (c) Switching power of devices without
a CNT is lower in narrower devices. Dashed lines show linear fits.
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2b. Semiconducting and Multi-CNT Devices
The CNT growth conditions on quartz generate a mixture of semiconducting and metallic CNTs. In
addition, because the spacing between parallel CNTs is uneven, our process ultimately yields a range of
VO2 devices with semiconducting CNT(s), with metallic CNT(s), with a mixture of both, or with no CNTs.
The presence of metallic or “weakly metallic” CNT(s) was determined by the current carried in twoterminal electrical measurements, and the number of CNTs was confirmed by atomic force microscopy
(AFM). A metallic CNT carries considerably more current and will show evidence of sublinear I-V
behaviour (typically beyond ~ 3 V when L ~ a few microns) and current saturation at higher voltages
(typically near 10 to 25 μA).3 Weakly metallic CNTs (damaged or poorly contacted metallic CNTs, or
CNTs with a small band gap) are less conductive and often without clear saturation. Semiconducting CNTs
carry much less current (typically ≪ 1 μA ungated), and their presence was verified through AFM.
Examples of metallic and “weakly metallic” CNT I-V characteristics are shown in Figure S5a, with CNT
devices fabricated in a similar manner but on TiO2 (101) with no VO2 film present (the substrate is
insulating). Although the focus of this study was on devices with single metallic CNTs, the switching
behaviours of several other types of devices were also measured. Figure S5b shows the switching voltages
(VIMT) of 112 devices, including devices with CNT(s) (filled circles) and without (open triangles).
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Figure S5. (a) Example I-V curves of devices (L ~ 4 μm) with metallic and “weakly metallic” CNTs on
TiO2 (no VO2 film). (b) Switching voltage VIMT as a function of length (contact separation) for devices with
no CNT (open triangles) and at least one CNT (filled circles). Devices with I-V curves that indicate the
presence of metallic CNT(s) are in blue, and those without are in red. Those that show a “weakly metallic”
CNT presence in their I-V characteristics (orange) have a switching voltage in between the two groups.
Devices with a semiconducting CNT (red circles) have the same switching voltage as devices without
any CNTs (red triangles). These devices are electrically indistinguishable from each other, because the
ungated semiconducting CNTs do not carry sufficiently high currents to induce heating in the VO2.
Devices with multiple metallic CNTs switch at the same voltage as those with single metallic CNTs
(both blue circles). This suggests that the transition is triggered by the “best” (i.e. most conductive) metallic
CNT, which heats up the most. After the VO2 voltage snapback (due to the series resistor RS) the CNTs no
longer carry enough current to trigger further IMT, so any benefit to having multiple CNTs is lost. Note
that all our devices have CNTs spaced far apart (~0.3 μm on average), and thus each CNT acts
independently from one another. If the metallic CNTs are spaced much closer, VIMT may be further reduced.
A weakly metallic CNT (orange circles) may still carry enough current to trigger IMT in the VO2, with
VIMT between that of a device with a good metallic CNT (blue) and one without any CNT at all (red).
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2c. Temperature Dependence
As expected, VIMT reduces as the ambient temperature (T0) increases, which is set by the stage
temperature. This is because less power is needed to raise the device temperature to TIMT. This is true both
for devices with (Figure S6a) and without a CNT. The switching field EIMT (extracted from a linear fit to
VIMT vs L) decreases for both types of devices as the temperature increases, as shown in Figure S6b. If the
ambient temperature is high enough (above or at TMIT), then the device will remain metallic after the bias
is removed due to hysteresis in the VO2. At all temperatures, the switching field for devices with a CNT is
less than half that required for devices without a CNT. EIMT for a device with a CNT at 296 K is slightly
below that of a device without a CNT at 320 K, suggesting that the CNT heats the VO2 to at least 320 K.
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Figure S6. (a) Switching of a device with a CNT (L = 5 μm, W = 5.1 μm) using DC voltage control, showing
reduced switching voltage as the stage temperature increases. (b) The effective switching field EIMT lowers
as temperature is increased, for both devices with (blue circles) and without (red triangles) a CNT. EIMT is
extracted as the slope of a linear fit to VIMT vs. L at each stage temperature.
2d. Contact Resistance
An estimate of the contact resistance RC between Pd and insulating VO2 can be obtained using the
transfer length method (TLM), shown in Figure S7. The y-intercept corresponds to 2RC and the slope
corresponds to the sheet resistance Rsh. The devices are spread across the chip and have different widths,
resulting in significant spread in their resistance since the cleanliness and contact quality can vary, as well
as to a lesser extent the VO2 resistivity and thickness. We get a value for Rsh of 2520 ± 150 kΩ, and a value
for RC of 460 ± 330 kΩ∙µm or equivalently, a contact resistivity ρc ~ (0.8 ± 0.3) × 10-3 Ω·cm2. For a typical
5 µm wide device, this gives a contact resistance of 92 ± 66 kΩ.
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Figure S7. Insulating state resistance for VO2 devices without a CNT as a function of length. The vertical
axis intercept gives an estimate of twice the device contact resistance (2RC), and the slope gives an estimate
for sheet resistance (Rsh).
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2e. Series Resistance and Burn-in
A series resistor (RS) is necessary to protect devices from overheating failure in the metallic state (the
heat can melt the contacts). The value should be chosen low enough to not affect VIMT (a small fraction of
the high-resistance insulating state), but high enough to prevent permanent damage in the metallic state
(higher than the low-resistance metallic state). There is no one correct value for RS and a range of values
can be used, as shown in Figure S8a. Using a larger RS reduces the metallic state current, thus limiting the
on/off ratio. There is a slight increase in the total applied voltage (VS) required to switch the device but VIMT
does not change, as shown in Figure S8b. As device dimensions are reduced, power dissipation in the
metallic state reduces because VIMT decreases. Thus, shorter devices do not need as high a value of RS for
protection.
Figure S8c shows that similar trends are observed for a VO2 device with a CNT heater. However, when
higher values of RS are used, the transition shows an increasingly long period of slow increase in current,
corresponding to oscillations, followed by a smaller abrupt transition. The CNT triggers switching in the
VO2, but the subsequent reduction in voltage across the device means there is not enough power needed to
remain metallic (the CNT and VO2 cool) so the VO2 returns to insulating, where the CNT heating is again
able to switch the VO2, and the system repeatably cycles between IMT and MIT.
Figure S8d shows that as RS increases, the metallic state resistance (RON) of the device increases
(calculated just after switching, with RS subtracted out). This indicates that increasing RS reduces the steady
state volume of the metallic region or “filament”, consistent with prior work. 4 As a secondary effect this
change in RON could be partly due to the metallic state’s temperature coefficient of resistance (TCR), since
changing RS changes the device temperature. In devices with a CNT, RON plateaus when devices show
oscillatory behaviour (where RON is determined just after the final abrupt transition). This may indicate that
there is a minimum width (a minimum metallic state power) required for the metallic “filament” to be stable.
Figure S9a shows where we attach the series resistor RS, at the base of the probe tip, to avoid excess
cable connections. The location of this resistor is important as well as its value. The abrupt change in device
resistance triggers a large transient current due to capacitors discharging that are in parallel with the device
(since I = CdV/dt).5,6 This includes intrinsic device capacitance as well as other parasitic capacitances from
the contacts and measurement setup such as probe pad capacitance (pad-to-pad or through the TiO2
substrate to the stage) or coax cable capacitance. RS should be physically close to the device, because then
only the device capacitances see the change in conductance (the resistor shields the device from the other
external capacitors). A better choice would be to use an integrated on-chip resistor (or transistor, for a
variable RS with smaller area) as a current limiter directly connected to the VO2 device, however our choice
in Figure S9a is the best practical one, given the setup.
A typical current overshoot event at the IMT is shown in Figure S9b for a device without a CNT,
measured using a 50 Ω oscilloscope in series with the device. Although the overshoot lasts less than 100
ns, the current can transiently reach up to a few mA, which is significant compared to the few hundred μA
which is limited by RS when the device is in the metallic state. The overshoot duration is smaller in shorter
devices. Overshoot also occurs on a similar time scale for devices with a CNT, but with a reduced magnitude.
Devices without a CNT show a burn-in effect, displayed in Figure S9c, with the first switching occurring
at a slightly higher VIMT than all subsequent switching. This difference is typically on the order of 0.2 – 4
V and is generally higher in narrower devices. This burn-in also results in a slight increase in insulating
state conductivity. Burn-in may be a result of the heat from current overshoot at the moment of switching,
which could cause a subtle change in the VO2 or the contacts (such as breaking through the native surface
oxide or annealing the contacts), making it slightly easier to repeat switching. Devices typically recover
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from burn-in (if measured again another day then switching voltage has shifted back up for the first
switching event, and the device experiences burn-in again). All other switching voltages, currents, and I-V
characteristics reported are after this initial burn-in. Burn-in is not observed in devices with a CNT and is
reduced in short devices without a CNT because of the lower switching power and current overshoot.
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Figure S8. (a) DC voltage-controlled switching of a VO2 device without a CNT (L = 5.1 μm, W = 4.1 μm)
for different values of RS, plotting total applied voltage VS. (b) The same I-V measurements as in (a) plotted
with the voltage across the device. The choice of RS does not impact VIMT. (c) DC voltage-controlled
switching of a device with a CNT (L = 7.1 μm, W = 2.8 μm) for different RS. (d) Device resistance just after
switching (RON), as a function of RS for the same devices, without (red triangles) and with a CNT (blue
circles). RS can be used to control the metallic state “filament” width.
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Figure S9. (a) Setup for using a series resistor RS as current compliance, with RS on the probe tip, as close
as possible to the device under test. (b) Typical current overshoot when a device without a CNT switches
(L = 3.5 µm, W = 2.7 µm), due to capacitive discharge. The current is measured using a 50 Ω oscilloscope
in series with the device. Devices with a CNT also show current overshoot waveforms with a nearly
identical shape and time-scale, but with a reduced magnitude. (c) DC voltage-controlled switching of a
device without a CNT (L = 3.8 µm, W = 5.1 µm) on the first sweep (dashed), and subsequent sweeps (solid).
There is a slight shift (a “burn-in”) in VIMT after the first switching event.
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2f. Switching Field
Thermally triggered switching occurs when the steady state temperature in the device (or some part of
it) reaches the insulator-metal transition temperature (TIMT). According to a very simple Joule heating
description of a VO2 block on a substrate, the input electrical power P = V2/R causes the temperature to rise
with a maximum determined by the thermal conductance to the surrounding environment Gth:
𝑉2
𝑅

= 𝐺th (𝑇IMT − 𝑇0 )

(1)

If we write an effective switching field EIMT = V/L, where V is the voltage across the VO2 length L at the
transition (excluding the voltage drop at the contacts), then the field could be described as:6
𝐸IMT = √

𝐺th 𝑅(TIMT −𝑇0 )
𝐿2

(2)

This does not capture aspects of real devices like the contacts and non-uniform heating. However, it is
useful in pointing out some dependencies of the switching field. Via Gth the switching field depends on the
thermal boundary resistance to the substrate, the thermal conductivity of the substrate, the geometry, and
the resistivity of the VO2. Two-terminal devices can vary in this regard, making it hard to give a direct
comparison of switching field. Table 1 lists switching fields of two-terminal switching devices extracted
from literature with a similar change in temperature to our work (ΔT = TIMT – T0 ≈ 32 K). Fields are listed
as a slope (with a vertical axis intercept Voffset due to heat loss and resistance at the contacts) or as a long
channel V/L where L is at least a few microns long. We note that thicker, wider VO2 devices (lower R) on
better thermal insulating substrates (lower Gth) typically have lower switching field EIMT.

Ref.
7
8
9
10
11
12
13
4

Table 1. Switching Fields in Prior VO2 Films
Deposition Substrate
L
W
t
Contact
Technique
(μm)
(μm) (nm)
PLD
TiO2 (001) 0.02 – 0.11
1
10
Ta/Au
MBE
TiO2 (001)
6
10
10
Pd/Au
PLD
SiO2
2, 10
20
100 Cr/Cu/Au
(300 nm)
sputtered
SiO2
0.1 – 1
10
100
Ag, Cu,
(2 µm)
Au, Pd
sputtered
SiO2
7.5
50
360
Al
(500 nm)
sputtered
SiO2
4
4
100
Pd/Au
(100 nm)
oxidation
poly-Al2O3
0.1 – 5
2, 10 100
Ti/Au
(20 nm)
oxidation
Al2O3
5 – 80
100
200
Cr/Au
PLD

Al2O3

Voffset
(V)
0.1
-

ΔT
(K)
35
35
51

2.0 – 2.3b

2.2 – 3.3b

45

0.5

-

34

1.2

-

28

17.4

4.1

53

24.4
22.0
-

37
27
32

5

50

90

Cr/Au

2.9
2.2
2.3, 3.4c

20

100

100

Ni

1.0

-

45

20

50

130

Au

2.6

-

18

10

10

100

Ni

1.0

-

45

(112̅0)

14

EIMT
(V/µm)
13
2.2
1.2 – 4.3a

(1102)

a

15

sputtered

16

sputtered

17

sol-gel

Al2O3
(101̅0)
Al2O3
(r-cut)
Al2O3

different contact geometries, bdifferent contact metals, cdifferent voltage polarity
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Our switching fields and intercepts fall within these ranges, although our field is on the higher end (see
Figure 2c and Figure S6b, i.e. between ~3.5 and 7 V/μm for devices with and without a CNT, around T0 =
296 K). This is likely because our VO2 films are single crystals and quite thin (higher R) compared to others,
and because our VO2 has better thermal conductance (higher Gth) to the crystalline TiO2 substrate.
3. Kelvin Probe Microscopy (KPM)
During each KPM scan the device is held at a constant voltage. The current remains constant at each
bias point and is shown for the VO2 device without a CNT in Figure S10a and with a CNT in Figure S10b.
Because RS = 200 kΩ is used, upon IMT the device voltage snaps back to ~5 V and ~8 V for devices with
and without a CNT, respectively. The magnitude of the linear potential drop observed across the channel at
each bias prior to flattening is shown for a device without a CNT in Figure S10c and with a CNT in Figure
S10d. There is a slightly negative offset in the potential, which is determined by the workfunction difference
between the tip and sample, as well as any error in the digital-to-analog converter.
Figures S11 and S12 show the full set of KPM scans taken with increasing VS for the devices without
and with a CNT, respectively, with labels the same as in Figure S10. These images are obtained by using a
first order line flattening operation, to highlight differences in surface potential across the device width.
Although this CNT had a small kink, there is no additional potential drop across it, so it is not significantly
more resistive and therefore not the main cause of the heating and IMT in the VO2.

Figure S10. Current at each applied voltage VS during KPM measurements of devices without (a) and with
a CNT (b). Raw potential drops measured across devices without (c) and with a CNT (d) prior to flattening.
The potential drops after switching because of the device voltage snapback caused by RS.
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VA) 0 V

VO2

B) 20 V

C) 30 V

F) 52 V

G) 55 V

D) 40 V

1 µm
V+

E) 50 V

Figure S11. Full set of flattened KPM images of a device without a CNT. See Figure S10a for
corresponding I-V data. (A) is with no bias, (B) – (E) are in the insulating state, and (F) - (G) correspond to
the metallic state, with applied VS as labeled. The electrodes are just outside the images, at the top and
bottom, as labelled in (A). The edges of the VO2 channel are marked in (A) with dashed lines.
VA) 0V

B) 5V

C) 10V

F) 20V

G) 22V

D) 15V

CNT
VO2

1 µm
V+

E) 18V

Figure S12. Full set of flattened KPM images of a device with a CNT. See Figure S10b for corresponding
I-V data. (A) is with no bias, (B) - (E) are in the insulating state, and (F) - (G) correspond to the metallic
state, with applied VS as labeled. The electrodes are just outside the images, at the top and bottom, as labelled
in (A). The VO2 channel edges are just outside the images, on the left and right.
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4. Three-Dimensional Finite Element Simulations
4a. Model Details
We developed a three-dimensional (3D) finite element model for our devices using COMSOL
Multiphysics, which self-consistently considers electrical and thermal effects. An electrical model is used
to calculate the voltage and current distribution in the device, while a thermal model determines the
temperature distribution. These are coupled together via Joule heating, as well as by the temperature
dependent resistivities of the CNT and VO2.
The model solves the following system of equations, where Eq. 1 is used to obtain the voltage and
current distribution in the device while Fourier’s law of heat conduction in steady state (Eq. 2) is used to
obtain the local temperatures. k is the thermal conductivity, and σ is the electrical conductivity which is
temperature dependent (and therefore spatially dependent) for the VO2 and CNT. These two equations are
coupled together via 𝐽 ∙ 𝐸 as a Joule heating source term, with J being the local current density and E the
local electric field
∇ ∙ (𝜎(𝑥, 𝑦, 𝑧, 𝑇)∇𝑉) = 0

(1)

∇ ∙ (𝑘∇𝑇) + 𝐽 ∙ 𝐸 = 0

(2)

For VO2, the scaling of σ with temperature is based on measurements of R(T) from our films as a function
of stage temperature (main text Figure 1i). A room temperature σ(296 K) = 80 S/m was extracted from this
data after subtracting contact resistance, and this conductivity is then scaled with temperature according to
R(T)/R(296 K). The σ(T) data is imported as a table of temperature and resistance with ~1 K steps. When
solving it is useful to use nearest-neighbour as the interpolation type, which will round the temperature of
an element to the nearest table value and use the corresponding resistance. If the default linear interpolation
is used then a slight change in temperature during the IMT (the steepest part of σ(T)) while solving will
cause a large change in resistance between solver steps, greatly hindering convergence. Only one branch
(heating or cooling) of the σ(T) curve is used at a time for each voltage point simulated. For generating an
I-V curve with hysteresis included, the heating branch was used as voltage was increased, and the cooling
branch was used after switching as the voltage was swept back down. The solution for the previous voltage
point was used as the initial conditions for the next voltage.
The conductivity of the CNT is based on a model developed by Pop et al.,3 given by:
𝜎CNT (𝑇, 𝑉, 𝐿) =

4𝑞2 𝜆eff
ℎ 𝐴

(3)
−1

−1
−1
−1
where 𝜆eff = (𝜆−1
AC + 𝜆OP,ems + λOP,abs + 𝜆defect )

(4)

𝜆eff is an effective electron mean free path (MFP) obtained using Matthiessen’s rule. It combines
contributions from elastic electron scattering with acoustic phonons (λAC), and inelastic electron scattering
by optical phonon absorption (λOP,abs) and emission (λOP,ems). Emission is influenced by the electric field, so
this term is dependent on the applied voltage and CNT length, and all MFPs are a function of temperature.
Values of λOP,300 = 20 nm and ℏωOP = 0.2 eV are used in the model, which is described in detail in Ref. 3.
An additional scattering term for defects (λdefect), with a mean free path of 0.8 μm, is added to better
represent I-V characteristics of our imperfect CNTs. The reduction in CNT conductivity with increasing
temperature results in current saturation behaviour of the CNT, described in Ref. 3 and seen in Figure S5a.
Figure S13a shows the geometry for the simulation corresponding to the device with a CNT used for
SThM in main text Figure 4, and Figure S13b shows the geometry for the device simulations in main text
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Figure 5. The CNT is centered in the device, so only half the device is simulated due to symmetry. The
CNT is approximated as a rectangular prism 1.2 nm wide and 1.2 nm tall on top of the 5 nm thick VO 2,
spanning the entire length of the device and underneath the 50 nm thick Pd contacts. The simulated TiO2
substrate is 2 µm thick (unlike the ~500 μm experimental TiO2), which is sufficient to capture its thermal
resistance, most of which occurs at the thermal constriction near the CNT. For VO2 devices without a CNT,
where there is a significantly larger volume being heated, a 15 µm thick TiO2 substrate needs to be simulated
to accurately determine the device temperature. The device for SThM is 6 µm wide and 7 µm long, with
the VO2 covered by a 50 nm thick layer of poly(methyl methacrylate) (PMMA). The other simulated VO2
devices with and without a CNT are 4 µm wide and 5 µm long, with no PMMA capping. For these devices,
a 200 kΩ series resistor RS is modeled as a 50 nm thick resistive layer on top of one of the contacts, with a
resistivity chosen to give a total resistance of 200 kΩ. The RS layer does not thermally interact with the
device. Including the extra width of TiO2 beyond the VO2 width makes no significant difference to devices
with a CNT (whose VO2 edges are near room temperature far from the CNT heating), but a large width of
TiO2 is needed to fully capture the thermal profile in devices without a CNT. Material parameters are listed
in Table 2.
The top of one contact is grounded, and the top of the other (or the top of RS, if applicable) is set at a
constant potential. Electrical contact resistance is simulated on internal boundaries between CNT/Pd (25
kΩ), CNT/VO2 (100 kΩ) and VO2/Pd. The VO2/Pd contact resistivity is set to 0.8×10-3 Ω·cm2 (see Section
2d) at room temperature and scaled with temperature in the same way as the VO2 resistivity (by using the
heating branch of R(T)/R(296 K) for the forward voltage sweep and the cooling branch of R(T)/R(296 K)
for the backward voltage sweep).18 Other boundaries are modeled as electrically insulating.
The bottom of the TiO2 is fixed at room temperature (296 K). The top of the device is assumed to be
thermally insulating (adiabatic), and the sides of the device have open boundary conditions. The Pd
resistivity is taken from measurements of our films, and its thermal conductivity is estimated from the
Wiedemann-Franz law. Thermal boundary resistance (TBR) is simulated on all interior boundaries. These
interfacial resistances cannot be ignored, since they limit the flow of heat (especially from the CNT to the
VO2 but also from the VO2 to the TiO2 substrate), impacting the local VO2 temperature and therefore the
switching voltage. The CNT/VO2 interface is set to 5×10-9 m2K/W, the TiO2/VO2 interface to 8×10-9 m2K/W,
and all other interfaces to 10-8 m2K/W. To the authors’ knowledge these have not been experimentally
measured, so were adjusted within reason19 to better fit the I-V characteristics of the VO2 device with a
CNT used for SThM in main text Figure 4e.
All simulations were solved with a segregated approach, which solves each physics (temperature and
voltage) sequentially, repeating until convergence is achieved. The matrix equation containing the
description of the physics (Eq. 1 or 2) on each mesh element is solved using a direct approach (as opposed
to iterative) with the MUMPS solver. The temperature was solved as the first step, followed by the electric
potential. To help with convergence when solving across the IMT, the electric potential step was given two
iterations instead of the default one (the solver will solve temperature, electric field, electric field again,
temperature, etc. repeating until convergence). To also help simulate the IMT, the damping factors were set
to 0.1 and 0.4 for the temperature and potential segregated steps respectively. The damping factor is a
scaling factor reducing the size of the step taken at each iteration of the physics (rather than using the current
step’s solution as the next starting point, which would correspond to a damping factor of 1). If these factors
are not reduced, then the solver will overshoot the solution and oscillate between insulating and completely
metallic (the entire device width switched, with too much heat and current), since the problem is nonlinear.
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Table 2. Material properties used in simulation
σ [S/m]
k [Wm-1K-1]
10-7
8
function of T(x,y,z) spanning
5
80 to 2×106 (see Section 4a)
Eq. 3,4
600
6
2.9 × 10
23
10-10
0.2

TiO2
VO2
CNT
Pd
PMMA

a
50 nm
5 nm

Pd

b

Pd

50 nm
5 nm

PMMA
Pd

Pd
VO2

2 μm
CNT

L = 7 μm
W/2 = 3 μm

TiO2

CNT

VO2

TiO2

2 μm
(15 μm)

1 μm

1 μm 1 μm
(6 μm)
W/2 = 2 μm

L = 5 μm
1 μm

1 μm

Figure S13. (a) Half-device structure used to simulate the experimental device used for SThM in main
Figure 4. (b) Half-device structure used to simulate switching and full I-V curves in main Figure 5. For
the device without a CNT a larger TiO2 substrate is used, with dimensions indicated in brackets.

Simulated temperatures on the surface of a VO2 device without a CNT are shown just before (Figure
S14a) and just after (Figure S14b) IMT, corresponding to the simulated I-V curve in main text Figure 5c.
Before switching there is significant bulk Joule heating, and the device requires much more power for
switching than with a CNT. A ~400 nm wide metallic “filament” is formed upon IMT in the center of the
VO2 device, much wider than the ~10 nm wide “filament” in the device with a CNT. In practical devices,
the filament is likely larger due to transient current overshoot, caused by parasitic capacitors discharging at
the moment of switching, combined with hysteresis.
a

Insulating phase

322

Metallic phase

328

Pd electrode
Pd electrode

Pd electrode

VO2

b

K

VO2

VO2

K

Pdelectrode
electrode
Pd

Pd electrode

TiO2TiO

TiO2
296

2

296

Figure S14. Simulated temperature on the surface of a VO2 device without a CNT (L = 5 μm, W = 4 μm)
just before (a) and just after (b) the metallic transition, with RS = 200 kΩ. VO2 requires a higher switching
power than devices with a CNT because it relies on bulk Joule heating. After switching, a metallic region
forms in the center of the device, where it is hottest, with its size determined by current overshoot and RS.
The color scalebar in (b) is cut off at TIMT = 328 K to highlight the switching region as dark red, though the
temperature in the center of the metallic VO2 region is higher.
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4b. Simulated Device Scaling
Simulated switching voltage VIMT, current IIMT, and power PIMT of VO2 devices without a CNT are shown
in Figure S15 for a variety of device lengths and widths. As device length is reduced (Figure S15a-b), both
PIMT and VIMT decrease nearly linearly. IIMT has little length dependence, with only a slight increase in very
short devices. These scaling trends match well with what is seen experimentally (Figure 2c-d and Figure
S3-4) and reaffirm the thermal dependence of electrical switching in VO2.
As device width is reduced (Figure S15c-d), contact resistance increases and VIMT increases steeply
below ~ 1 μm. However, IIMT also decreases, resulting in a net decrease in PIMT for narrower devices. In
contrast, VO2 devices with a CNT have no width dependence on switching characteristics. Given these
trends, adding a CNT to an ultra-narrow VO2 device would have the benefit of maintaining a much lower,
width-independent switching voltage (see Table 3 for a simulated example). However, because the CNT is
more conductive than an ultra-narrow stripe of VO2, this comes at the cost of increased insulating state
current and therefore reduced on/off ratio. This could result in little improvement in overall switching power,
if any. To retain access to a higher resistance state with low current, a gateable semiconducting CNT or
other nonlinear heat source (e.g. nanowire, diode, switching material, etc.) could be used instead.
25

40

20

30

15
10

no CNT

10
0
0

4

800

0

0

25

250

20

200
15

no CNT
10

100
50
0
2

4

W [μm]

6

no CNT

0

6

300

0

400
200

L [μm]

150

600

5

d

2

4

6

L [μm]
1000
800

IIMT [μA]

VIMT [V]

c

2

1000

PIMT [μW]

20

b

PIMT [μW]

50

IIMT [μA]

VIMT [V]

a

600

no CNT
400

5

200

0

0

0

2

4

6

W [μm]

Figure S15. Simulated scaling trends of VO2 devices without a CNT, with thermally induced switching. (a)
Switching voltage VIMT (solid blue circles) decreases with device length (simulated down to 100 nm length,
with W = 5 μm) and switching current IIMT (hollow orange squares) starts to increase slightly below ~ 1 μm.
(b) Total device power PIMT reduces linearly with length. (c) In narrow devices (simulated down to 10 nm
width), VIMT is much higher but IIMT decreases (L = 5 μm). (d) Switching power decreases as device width
is reduced (L = 5 μm).
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Table 3. Simulated Switching of Narrow Devices (L = 5 μm, W = 100 nm)
without CNT
with CNT
VIMT [V]
153
9
IIMT [μA]
2
33
PIMT [μW]
282
528
Table 3. Simulated switching of long, narrow VO2 devices with and without a CNT. The CNT greatly
reduces the switching voltage but comes with a higher switching current and power (although the simulated
CNT is more conductive than imperfect experimental CNTs). By also reducing the device length, the
switching voltage and power would decrease for both types of devices.

In thermally triggered devices, there is a trade-off between low switching voltage and current because
enough total power is still required to reach the transition temperature. The addition of an extra Joule heating
source with an appropriate current density can shift device operation to a lower switching voltage instead
of low current. Some additional control over switching voltage could be achieved by engineering the
thermal environment of the device, for example, by changing the thermal boundary resistance to and the
thermal conductivity of the substrate to reduce heat loss from the VO2. If this improves heating efficiency
(e.g. by confining heating to a small volume), then a lower switching power can be achieved.
These simulated scaling trends are estimates, assuming similar electrical and thermal transport at small
length scales. In reality, there may be some differences when devices are shrunk to the nanoscale. For
example, thermal and electrical conductivity of the VO2 may decrease when narrower (due to surface
boundary scattering), which could affect the switching trends.
4c. Models Using Other Mechanisms
We note that there are two fields at play in the devices with CNTs: the lateral field between source and
drain electrodes, corresponding to EIMT in Figure S6b, and the vertical field emitted by the ultra-narrow
CNT into the VO2 below. A simple simulation involving the vertical field is very difficult, without knowing
e.g. the band alignment at their interface. Therefore, we have focused on two types of simulations involving
only the lateral field. In both of these, Joule heating cannot be neglected and still plays a large role, but the
fundamental switching mechanism is field-driven. VO2 devices can still show switching behaviour similar
to experiment, with a reduction in switching voltage seen in the devices with a CNT. Although there can
be slight changes in the local field with the addition of a CNT, the reduction in switching voltage is primarily
due to the heating generated by the CNT, though the increased temperature could be directly driving the
transition, lowering the required field, or increasing the carrier concentration in the VO2.
In the first model, Joule heating reduces the critical field Ecrit required for VO2 switching. We use a
linear fit to data from devices without a CNT in Figure S6b, shown in Eq. (5) in units of V/μm, with T being
temperature in Kelvin, and a = -0.14 V/μm/K and b = 49 V/μm are fitting constants:
𝐸crit = 𝑎𝑇 + 𝑏

(5)

We note that very close to TIMT, the temperature dependence of Ecrit may not be linear, because it is expected
that Ecrit should approach zero at TIMT. An alternative expression could be fitted to the data in Figure S6b:
𝐸crit = 𝐸0 √1 + 𝑇/𝑇𝐼𝑀𝑇

(6)

where E0 = 25 V/μm is a fitting constant. If switching happens considerably below TIMT in the model, then
the difference between Eq. (5) and (6) is found to have very little impact on switching behaviour. However,
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the use of Eq. (6) ensures that the device will switch at T ≤ TIMT, especially in devices with a CNT where
there is significant heating. The temperature dependence of the insulating state electrical conductivity of
the VO2 follows Eq. (7), fit with an activation energy E𝒶 = 0.21 eV and a constant σ0 = 3 × 105 S/m to our
R(T) data (main text Figure 1i). T is the temperature in Kelvin, and kB = 8.617 × 10-5 eV/K is the Boltzmann
constant. The VO2 conductivity increases abruptly to metallic (σ = 2 × 105 S/m) once Ecrit is reached. The
contact resistivity of the VO2 to the Pd is scaled with the VO2 conductivity, similar to our other simulations.
𝐸

𝜎 = 𝜎0 exp (− 𝑘 𝑎𝑇)

(7)

B

In the second model, electrical conductivity in the insulating state follows a 3D Poole-Frenkel transport
model20 according to Eq. (8), dependent on both the electric field E and the temperature T in the device. σ0
and E𝒶 were fit to experimental I-V data giving 9 × 103 A/m2 and 0.22 eV respectively. A relative dielectric
constant εr = 38 was used21 for VO2 to calculate β using Eq. (9). Conductivity can be converted to a carrier
concentration 𝑛 = 𝜎𝐸/(𝑞𝜇) using a mobility22 μ = 0.5 cm2/V/s. This is compared to a critical carrier
concentration nc = 1.5 × 1019 cm-3 estimated from the Mott criteria for an IMT, consistent with Hall
measurements of the carrier concentration at the transition point.22 Once the carrier concentration exceeds
nc, the VO2 becomes metallic (σ = 2 × 105 S/m). Again, the contact resistivity of the VO2 to the Pd is scaled
with the VO2 conductivity, similar to our other simulations.
𝜎=

𝜎0
𝐸𝑎
𝑘B 𝑇 2
𝛽 √𝐸
exp
(−
)
) (1 + (2𝑘 𝑇
[(
𝐸
2𝑘B 𝑇
𝛽
B
𝑞3
𝜋𝜖𝑟 𝜖0

𝛽=√

𝛽 √𝐸

𝐸

− 1) exp (2𝑘 𝑇)) + 2 ]
B

(8)
(9)

Geometry, thermal conductivities, thermal boundary resistance, and the CNT electrical conductivity is
kept the same as in our thermally-driven simulation (see Section 4a). The σ(T,E) data is imported as a table
of local temperature, field, and resistance with ~1 K steps. When solving it is best to avoid using nearestneighbour as the interpolation type, which will produce artifacts in the local field. Because of the stronger
coupling of the field to conductivity, the problem becomes increasingly nonlinear. This makes it very
challenging to reach convergence in the metallic state, so we have only simulated up to the IMT.
In the temperature-dependent electric field model using Eq. (5) to (7), the switching voltage of a device
without a CNT is ~34 V, considerably lower than experiments and other models shown in Figure S16.
Switching occurs at a much lower temperature (~ 315 K) than TIMT. In devices with a CNT, the switching
voltage is reduced to ~11 V and the VO2 temperature reaches ~TIMT underneath the CNT. Increasing thermal
properties within reason for devices without a CNT in order to reduce the VO2 temperature (kTiO2 = 15
Wm-1K-1, kVO2 = 7 Wm-1K-1, and a TiO2/VO2 interface TBR = 5×10-9 m2K/W) only slightly raises the
switching voltage by ~2 V and cannot reproduce the experimental switching voltage. However, it is likely
that Ecrit at a given temperature is higher than that given by fits to Figure S6b, since the local device
temperature is higher than the ambient temperature. Increasing the required field at a given temperature by
setting b = 54 V/μm in Eq. (5) or E0 = 40 V/μm in Eq. (6), and using the original thermal properties in Table
2, fits experimental data for devices without a CNT much more closely, shown as “Ec sim” in Figure S16.
When Eq. (6) with E0 = 40 V/μm is used to simulate devices with a CNT, the switching voltage remains
~10 V even with the higher required field, because switching is set more by the VO2 reaching T ~ TIMT
(where Ecrit ~ 0) than by changes in the local field induced by the CNT.
Both field-based models can then produce electrical switching behaviour similar to experiment, shown
in Figure S16 for devices with and without a CNT. Thus, we cannot rule out a thermally-assisted transition
based on reaching a critical field or carrier concentration, rather than just a critical temperature. All models
show a similar reduction in switching voltage for devices with a CNT when compared to VO2 devices
without a CNT, due to the heating of the VO2 by the CNT.
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Figure S16. Simulated voltage-controlled I-V curves for VO2 devices without (a) and with (b) a CNT (L =
5 μm, W = 4 μm for the VO2). Several models are used: a model where the IMT depends only on temperature
(labelled “T sim”, orange dots), a model where IMT is triggered by a temperature-dependent critical electric
field (labelled “Ec sim”, blue dashes and triangles), and a model where IMT is triggered by a critical carrier
concentration dependent on temperature and electric field (labelled “nc sim”, dark green dot-dashes and
squares). In models with a field dependence, the last data point shown is just before IMT.

5. Supplementary Video
Video S1 (uploaded separately) shows the evolution of surface temperature of the simulated device with a
CNT (main Figure 5a), as the voltage is swept up and then down on the I-V curve (main Figure 5b).
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