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Abstract: The optical and electrical characteristics of the insulator-metal phase transition
of vanadium dioxide (VO,) enable the realization of power-efficient, miniaturized hybrid
optoelectronic devices. This work studies the current-controlled, two-step insulator-metal
phase transition of VO, in varying microwire geometries. Geometry-dependent scaling
trends extracted from current-voltage measurements show that the first step induced by
carrier injection is delocalized over the microwire, while the second, thermally-induced step
is localized to a filament about 1 to 2 um wide for 100 nm-thick sputtered VO, films on
SiO,. These effects are confirmed by direct infrared imaging, which also measures the
change in optical absorption in the two steps. The difference between the threshold currents
of the two steps increases as the microwires are narrowed. Micron- and sub-micron-wide
VO, structures can be used to separate the two phase transition steps in photonic and
electronic devices.
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1. Introduction

Shrinking the size of optoelectronic devices is attractive for increasing integration density and
lowering the power consumption, often with the benefit of increased operation bandwidths because
of reduced capacitances and transit times. A difficulty is that as the active volume for light-matter
interaction is reduced, the transfer characteristics of the device, such as the extinction ratio (in the case
of modulators and switches) or responsivity (in the case of photodetectors), tend to deteriorate. High
index contrast waveguides, microcavities and plasmonics confine light in the transverse and longitudinal
directions to boost the strength of the light-matter interaction. Nonetheless, because the changes in
the real and imaginary parts of the refractive index of conventional optical materials (e.g., silicon,
germanium, compound semiconductors, lithium niobate) tend to only be of the order of 1073 to 1072,
through, for example, the free carrier plasma dispersion effect, the Franz—Keldysh effect, the quantum
confined Stark effect or nonlinear susceptibility (x?), incorporating novel materials with giant (e.g.,
of order unity), electronically-modifiable changes to their optical constants into integrated photonic
platforms opens the opportunity for highly miniaturized optoelectronic devices.

A particularly interesting material is the correlated electron material, vanadium dioxide (VO,). VO,
undergoes a reversible structural reconfiguration when heated beyond the transition temperature of
Ti.m = 340 K [1,2] that results in an insulator-metalphase transition, decreases the resistivity by up to
five orders of magnitude and increases infrared optical absorption by about one order of magnitude [3].
These remarkable changes in the electrical and optical properties are attractive for micro- and nano-scale
devices [4-8], such as electronic [9,10] and optical switches [11-19]. The phase transition in VO,
thin films can also be initiated by other external stimuli [20-22], such as applied electric fields [23,24]
or currents [25], which may result in an electronic transition instead of a structural one. A transition
initiated by electron injection can potentially occur on a picosecond time scale [26,27], which is suitable
for high-speed electronic and photonic switching.

However, because the optical absorption of VO, in the insulator phase in the telecommunication
wavelength range is high (e.g., the imaginary part of the refractive index of our films varies from about
0.41 at 1300 nm to 0.34 at 1650 nm [28]), VO, should be hybridized with low loss waveguides in
photonic applications. We have recently demonstrated a hybrid silicon (Si)-VO, electro-absorption
optical modulator/switch that is wavelength-sized in all three spatial dimensions [11]. An extinction
ratio of 12 dB was achieved in the C-band for a device length of only 1 pm, while incurring an insertion
loss of about 5 dB. The result set a record for the extinction ratio per length for an integrated waveguide
switch. The device schematic is shown in Figure 1, and the device consisted of a (sub-)micron wide
strip of VO, integrated on top of a 220 nm-thick Si rib waveguide. This geometry can be integrated
with standard silicon-on-insulator (SOI) photonic platforms. To achieve the performance in [11] and to
understand the operation possibilities and trade-offs of hybrid VO, optoelectronic devices require details
on the characteristics of the phase transition in VO, micro- and nano-wires. Due to the variability in
film deposition and the inchoate fabrication of VO, micro-/nano-structures, experiments have reported
different causes and mechanisms for the phase transition, with evidence independently supporting Joule
heating [29] and electronic effects [25,30,31] as the dominant causes of the phase transition. In previous

experiments on electronically-induced switching, even minute leakage currents in the VO, can raise the



Photonics 2015, 2 918

local temperature beyond 71,y to induce a thermal phase transition [32]. Efforts to suppress the leakage
current using high-k dielectrics [31,33,34] have generally failed to induce a conclusive phase transition
at low current levels.
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Figure 1. (a) The cross-section and (b) top views of the wavelength-sized hybrid Si-VO,
electro-absorption switch and photodetector presented in [11]. (¢) A scanning electron
micrograph of an etched VO, strip atop a Si rib waveguide. This would form the active
region of an electro-absorption switch/modulator.

In this article, we present geometry-dependent scaling trends from current-voltage measurements of
etched VO, microwires that are confirmed by thermal models and infrared optical imaging to study
independently each step of the two-step phase transition in VO,. The optical and electrical properties
of each transition can be used to design hybrid optoelectronic devices for switching, modulation and
detection applications. In contrast to and complementing recent works to study the role of thermal effects
in the electronically-induced phase transition in VO5 [32,35] and radio frequency measurements of VO,
strips integrated into coplanar waveguides [36], this work primarily uses DC electrical measurements of
etched VO, microwires with a range of geometries to infer different mechanisms for each step of the
phase transition. The measurements show that the first step is a carrier-induced phase transition between
the insulating (I) and an intermediary, partially-metallic phase (M*) that results in a delocalized change
in the optical absorption and resistivity with almost no hysteresis; the second step is a thermally-induced
phase transition to the metallic phase (M) that exhibits a wide hysteresis and is due to Joule heating as a
result of current filamentation. The first transition has a smaller hysteresis and is expected to occur on a
shorter time scale, which makes it suitable for optical modulation applications requiring high operation
speeds and small hysteresis. Additionally, a small hysteresis allows the devices to operate with a smaller
swing voltage, if they are biased close to the phase transition point. In contrast, the second transition is
suitable for achieving the maximum extinction ratio.

Although the current-induced two-step phase transition in VO, has been previously observed [35,37],
the nature of each transition was not clarified, and geometrical control over the transition thresholds
was not established. Recent experiments have shown that charge injection can cause VO, to be in
a partially-metallic phase without any structural change [32] (or the “mixed-phase” in [38]). We
infer that the first transition observed here would correspond to this effect, while the change to the
tetragonal crystalline structure in the metallic phase would occur in the second transition. The optical
infrared imaging results presented here are also the first report of measured absorption changes after

the first transition. Overall, this work helps to understand the causes of the phase transition in VO, and
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provides guidelines for the geometry of VO, devices to achieve efficient and/or high-speed optical and
electronic switching.

(a) Top view
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Figure 2. (a) The top and side view schematics of a VO, lateral junction. (b) A scanning
electron micrograph of the device and (inset) the magnified image of the gap. (c) The
equivalent circuit model of the device in the experiment. (d) The normalized resistivity
of different microwires measured as the substrate temperature, 7', for W = 5 pum and
L =750 nm, 10 pm and 50 pm.

2. Fabrication and Device Geometry

VO, microwires, as illustrated in Figure 2a, were fabricated using electron-beam (e-beam) lithography
and reactive ion etching of a 100 nm-thick VO, film that was sputtered on a 2 um-thick thermally-grown
silica (SiO-) on a silicon (Si) substrate [12]. The grain sizes of the samples, as measured using scanning
electron microscopy, were about 75 + 25 nm. Lateral electrical contacts were defined using aligned
e-beam lithography followed by e-beam evaporation and lift-off of a 100 nm-thick palladium (Pd)
film. The contacts were separated by a gap of length L, which varied between 0.15 yum and 7.5 pm.
The microwire width, W, varied between 0.75 wm and 50 pum. Figure 2b shows a scanning electron
micrograph of a device with W = 5 um and L = 5 pum. Details about the sample preparation and
fabrication are described in Appendix A.

A circuit model for the experiments is shown in Figure 2c. A current, /, was applied to the device
under test using a precision sourcemeter, and the voltage across contacts, Vg,,, Was measured. An
external resistance of Ry, = 1 k€2 limited the current. The VOy microwire was modelled as a resistance,
Rgap, in parallel with a capacitance, Cg,p, [33]. The interface between the VO, and a Pd contact was
modelled as a contact and an interface sheet resistance, R;, as well as a Schottky diode (due to the work
function mismatch between Pd and VO,) with current density Jp [39]. This simple circuit model is
useful for predicting the total resistance of the etched VO, microwires as described in Appendix B2.
The model also shows that for the dimensions studied here, the VO, microwires had essentially the same
material properties as the bulk film, which were not affected by the etching. This is further confirmed by



Photonics 2015, 2 920

the measurements of the resistivity, p = Rga,p, W't /L, as a function of the substrate temperature. As an
example, Figure 2d shows the measured resistivities for microwires with W = 5 um and L = 750 nm,
10 pm and 50 pm. The transition temperature and normalized resistivity were independent of L and W,

indicating that devices of this size can be modelled by the bulk material properties of VO,.

3. Current-Induced Phase Transition

By controlling the current applied to a microwire, a two-step phase transition could be clearly
observed. As an example, Figure 3a shows the measured Vg, as a function of / for the W' = 10 um
and L = 5 um device. The arrows in the figure trace Vg,p, and the shaded regions highlight the different
VO, phases at each current range. The drop in Vg,, was a direct manifestation of the phase transition
and occurred in two steps. The first transition from the insulating to a partially-metallic phase (I—+M*)
occurred at a current /;_,+ and voltage Vv~ with a narrow hysteresis width. The second transition
from the partially-metallic phase to the metallic phase (M*—M) occurred at a current Iy, > Ijm*,

voltage Vi-m < Vi_sm+ and exhibited a wider hysteresis loop.
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Figure 3. The (a) voltage-current and (b) power-current relationship of a the VO, wire with
L =5 pmand W = 10 um. The expected temperature of the VO, is included in the right
axis. (¢) The voltage-current and (d) current-voltage relationship of a the VO, wire with
L=125pumand W = 2.5 um, 10 um and 50 pm.

To determine the thermal contribution to each transition, we first simulated using a finite element
method (COMSOL Multiphysics) the maximum temperature in the VO, during the two-step transition by
taking the measured dissipated electrical power, P = I X Vg, as a Joule heat source (see Appendix Bl
for details). Figure 3b shows P (left axis) and the simulated temperature, 7', (right axis) of the VO, slab,
as a function of /. T" was less than 77,y at the first transition and reached 7}_,\; just before the second
transition. These results strongly suggest that the second transition is thermally induced and results in a
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fully-metallic phase, while the first transition is of a different physical origin due to the applied currents
and results in a partially-metallic phase.

The current thresholds, /;_\+ and Iy, strongly depended on the geometry of the wire. As an
example, Figure 3c shows the V' I characteristics of three different wires with L = 1.25 pum and different
widths of W = 2.5 um, 10 um and 50 um. As W increased, both I;_.\~ and ly_.\ increased, but at
different rates, indicating that the two transitions were differently affected by the wire geometry. When
L =1.25 ymand W > 50 um, the two transition thresholds almost overlapped and appeared almost as
a single transition from the I to M phase. The two-step phase transition only occurred when the current
was regulated. Figure 3d shows the IV characteristics of the devices of Figure 3c, when a voltage source
swept Viap. For all devices, only a single transition was observed. If the current was not controlled, a
reduction in the resistance (e.g., caused by any carrier effects) would draw more current, thereby heating
the device and initiating any thermally-driven step(s) in the phase transition. Therefore, to study the

two-step phase transition, it is essential to regulate the current throughout the phase transition.

3.1. Critical Electric Fields

To investigate the origin of the each transition, we examined the electric field, current and power
dissipation of devices with varying widths and lengths. From the measured Vi~ and V= of
microwires with different lengths, we determined the “average” electric fields in the gap for the first
(E1_Mm+) and second (FEv+_.m) phase transitions from the slopes of the transition voltages vs. length L (at
each width, ). Figure 3a shows that Ej_.\+ and Ey-_, were roughly constant and were approximately
12 £1 kV/cm and 6 £ 1 kV/cm, respectively. The field transition thresholds were independent of the
wire geometry and were intrinsic properties of the VO,. Although F_,\+ was roughly constant with W,
Viom+ varied significantly with W (for the same L) due to the VO,-Pd interface resistance. The effect
of the interface is well modelled by the circuit in Figure 2 and described in Appendix B2. The interface
resistance was a result of electron scattering and the work function mismatch. The interface resistance
increased with decreasing 1/ and resulted in higher values of Vi_-.

From the Vi_.u+ and Vj-_, vs. L relations, we extrapolated the offset voltages of the transition
voltages, i.e., the transition voltages as L — 0, as shown in Figure 4b. V|, decreased with increasing W
for the first transition, as expected from decreasing the interface resistance. The second transition had a
lower 1/, since the resistivity of the VO, had been reduced by about one order of magnitude after the first
transition. Interestingly, Vj for the second transition was nearly independent of W, suggesting that the
second phase transition was spatially localized to a width less than 1. Filamentation is a signature of a
thermally-induced transition in VO, [40], which is accompanied by a structural phase transition [29].

3.2. Threshold Current Densities

The different mechanisms behind the two phase transitions are further manifested in the device
geometry dependence of the currents, /1,y and Iy-_,\, and dissipated power, P\~ and Py=_,, at the
phase transitions. Figure 4c,d shows that, unlike the transition electric fields, /;_,y+ and I+, exhibited
scaling trends with WW. I;_,\- increased almost linearly with W, and we extrapolated a threshold current
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density for the first transition of Jy_\+ = 36 & 15 kA/cm?. This current density is related to the VO,
carrier density, n, through the drift current relation,

J1 = qnpeEime, (1)

where ¢ is the elemental charge and ji. is the VO, electron mobility [41], which is about 0.5 cm? /(V-s).
The critical carrier density for the first transition was about n = (3.7 £ 1.4) x 10" cm™®. In contrast,
I+ was nearly constant with W, which again implies that the second transition was spatially
localized. The different dependences of /1y~ and Iy~ on W and L further emphasize the geometrical
control over the two-step transition. The separation between the two transitions decreases with increasing
W, and eventually, a single transition is observed when I} ,\i+ — Iy M-
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Figure 4. (a) The “average” electric field and (b) the transition voltage offset for both
transitions vs. W. The transition currents for the (c) first and (d) second transitions as a
function of W for several values of L. The dissipated power density for the (e) first and (f)

second transitions as a function L for several values of W.
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Figure 4e shows that P_,y+ was essentially independent of L and only varied by < 15% over the two
orders of magnitude of change in L. This is further evidence that the first transition was not thermally
induced, since longer microwires would require higher powers to reach 77,y for a thermal transition.
Indeed, the second transition, Py-_,, shown in Figure 4f, scaled linearly with L, a confirmation that
the second transition was thermally induced. However, Py-_, had almost no dependence on I/ when
W 2 1 um, indicating that the localized filament was a few microns wide. The width of the filament is
likely affected by the thermal conductivity of the substrate and the homogeneity of the VO, film. The
distinct dependences of transition currents and dissipated electrical power on the microwire geometry, L

and W, can be used to specify devices that isolate one phase transition from the other.

4. Optical Absorption

Finally, to directly visualize a delocalized electronic transition and filamentation in the thermal
transition, we measured the spatial profile of the optical transmission, /', of the VO, microwires using an
erbium-doped fibre broadband light source with a centre wavelength of 1530 nm. Since this wavelength
has an energy similar to the bandgap of VO, it is sensitive to changes in the VO, near the bandgap.
Previous visible light imaging experiments have reported no detectable change in the optical transmission
during the first phase transition [38].

Figure 5a,b, respectively, shows the infrared (IR) and visible images of the device with W = 10 pm
and L = 5 um. Figure 5c shows the decrease in the transmission extracted from the IR images
normalized to the transmission when no current is applied. The change in the transmission, AK, is

defined as:
K(I)—K(I —0)

K(I —0)

The parenthesized numbers in Figure Sc correspond to the currents labelled in Figure 3a, and the

AK = —

)

boundaries of the VO, microwire are marked with white dashed lines.

Figure 5c-1 shows no detectable change in the transmission when I < [I;_,\+. Figure 5¢-2 shows that
after the first transition, the VO, was in the M* phase, and AK increased to 1.5 + 0.2% over the entire
microwire. After the second transition, as shown in Figure 5c-3, the spatial profile of AK collapsed
to a filament and AK increased to 12 + 0.2%. At this point, the filament is composed of VO, in its
M phase. Beyond Iy« M, as shown in Figure 5c¢c-4, the filament width and the spatial extent of the M
phase grew and A K increased to 22.0 & 0.5%. The change in the optical transmission, A K, for the two
transitions as a function of W for microwires with L = 5 pum is summarized in Figure 5d. AK for the
first transition was at least 10 x smaller than the second transition. Figure Se shows the imaged full-width
at half-maximum (FWHM) of the filament, w, after the second transition for microwires with L = 5 um.
In agreement with the electric field, current and power dissipation measurements (Figure 4b,d,f), the
second phase transition was spatially confined to a filament that was 1 to 2 um wide when W 2 1 pum.
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Figure 5. The (a) infrared and (b) visible optical images of the VO, device with W = 10
wm and L = 5 um. (c¢) The decrease in the infrared optical transmission as the current is
increased. Each sub-figure corresponds to a current labelled in Figure 3a. (d) The decrease
in the infrared optical transmission after each transition and (e) the width of the filament as
a function of W when L = 5 pm.

5. Discussion

The measurements presented here have shown that injected carriers can initiate two-step phase
transition in VO, microwires. The threshold current to initiate the first step of the phase transition is
strongly dependent on the VO, microwire length and width, while the second step is somewhat geometry
independent down to widths of about 1 to 2 um, because the phase transition is initially confined to a
filament of this width. The two-step phase transition can appear as a single step in wide wires, when
the threshold current required to reach the critical carrier density leads to heating beyond 77_,y. The
difference in the threshold currents between the two steps of the phase transition can be increased by
decreasing the microwire width.

These results are important for device applications. For example, for switching or modulation devices
requiring the largest change in the resistivity and optical absorption, the two steps of the phase transition
should be used together, though the operation speed would be limited by the slow structural transition.
In addition, the VO, region should be designed to be narrower than the filament (~ 1 wm in our films)
for optimal efficiency. The initiation of both steps of the phase transition can be readily accomplished by
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sweeping the applied voltage rather than the current, since a controlled current can suppress the thermal
effects that lead to the second step in the phase transition. As an example, the wavelength-sized hybrid
Si-VO, electro-absorption waveguide optical switches implemented in [11] used these principles. The
length of the VO, region was kept to < 1 um to maximize the efficiency, and the device was driven by
an applied voltage.

By controlling the current injection, it is possible to initiate the first electronic transition only without
the second thermal step, which should lead to faster devices, lower power thresholds and drastic
reductions in the hysteresis. Reducing the hysteresis would reduce the amplitude of the modulation
current necessary to operate the device and to lower the dynamic switching power. Current-controlled,
rather than voltage-controlled VO, switching also leads to longer device lifetimes [37]. Moreover,
since the electronic phase transition is geometry independent (the optical absorption across the entire
microwire is modified), it is possible to use a wider microwire atop a waveguide to achieve the same
extinction ratio as a device that uses both steps of the phase transition. However, narrower microwires
have the advantage of having a larger threshold current difference between two steps of the phase

transition.

6. Conclusions

In summary, we have shown through geometry-dependent scaling trends and infrared imaging that the
first step in the current-induced phase transition in VO, is delocalized and spans the entire microwire,
while the second step is confined to a 1 um to 2 wm-wide filament. Suppressing or separating the
thermal transition from the electronically-induced transition using device geometry and controlled carrier
injection can potentially lead to high-speed and power-efficient electronic and optical devices. The
results also show that miniaturizing VO, devices would have the benefit of a reduced threshold current

for the phase transition, as well as an increased separation between the two steps in the phase transition.
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Appendix A: Experimental Details
Al. VO, Sputtering

VO, thin films were deposited by reactive radio frequency (RF) magnetron sputtering of a 50 mm
vanadium target (99.7% purity). A 50 mm Si wafer with 2 ym of thermally-grown SiO, was placed on
a 150 mm Si wafer, which was maintained at 550 °C during the deposition. High purity argon (Ar) and
oxygen (O;) were introduced in the chamber with the respective flow rates of 80.0 sccm and 2.0 sccm at
a total pressure of 10 mT. The sputtering was initiated by ramping the RF power to 200 W, at which point
the stoichiometry was maintained by adjusting the flow rate of O to keep the DC bias of the sample at
a constant value. Typical deposition rates were 0.03 nm/s. The grain sizes were not explicitly controlled
during this deposition process. The average grain size for the samples used in the experiments was about
75 £ 25 nm, as determined from cross-section scanning electron micrographs.

A2. Fabrication of the Etched VO, Microwires

VO, samples were cleaned using acetone and isopropanol, dried with a nitrogen gun and baked at
80 °C for three minutes. The samples were cooled down before spinning the resist. HMDS primer and
ZEP-520A were sequentially spin-coated on the VO, samples each for 60 s at 2000 rpm. The samples
were then cured at 180 °C for 180 s and then exposed to an electron beam (e-beam) using a Vistec EBPG
5000+ system at a typical electron dose of 250 uC/cm? and a current of 500 pA for nano-structures and
400 ;C/cm? and a current of 5 nA for micron-sized devices. The samples were developed in ZED-N50
for 60 s and dipped in methyl isobutyl ketone (MIBK):isopropyl alcohol (IPA) 9:1 for 15 s. The resulting
resist layer was 700 nm thick with a minimum wire width of ~ 75 nm. The resist was cured at 110 °C for
four minutes prior to etching. The samples and the chuck were pre-heated to 80 °C just before etching to
ensure that the VO, was etched in its metallic state. The samples were etched for 35 s in a gas mixture
of Cly (6 sccm), Hy (6 sccm) and Ar (9 sccm), which was maintained at a total pressure of 5 mT and
was ionized with an RF power of 100 W and an ICP power of 500 W. Longer etches were conducted
sequentially in 35-s intervals with 60-s cool down periods. The cool down period ensured that the resist
could be easily removed after the etching. After the etching, the resist was removed by immersion, with
gradual shaking of the samples at 60 °C in the ZEP resist remover (ZDMAC) for 180 s followed by 15 s
of sonication in the same solution.

The contact patterns were first transferred to ZEP-520A with the same procedure outlined above.
Square gold (Au) markers at the four corners of the sample were used to align the the contacts with
the microwires. Contacts were deposited using e-beam evaporation of 0.2 nm of chromium followed by
100 nm of Pd with an initial rate of 0.001 nm/s, which was slowly ramped up to 0.01 nm/s. The resist
was then lifted off by sonication of samples in 40 °C ZDMAC for 180 s.
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A3. Measurements

The devices were probed using tungsten needles held in DC probe positioners. The current-voltage
measurements were carried out using the precision sourcemeter (Keithley Model 2636A) on a
temperature-controlled stage, which controlled the temperature by adiabatically increasing the stage
current to avoid temperature overshoots. The optical measurements were carried out by placing the
chip on a transparent glass slide and illuminating from the bottom side of the chip. The broadband
erbium-doped fibre source was JDS Uniphase OAB 1415-16-Z001 without any inputs. The transmitted
light was collected from the top through a 20 times infinity-corrected long working distance objective
(Mitutoyo). The IR images were captured using an InGaAs camera (Xenics XEVA Model 1324).

Appendix B. VO, Modelling and Simulations

For the calculations and simulations, the VO, properties were either experimentally measured at
the metallic and insulating states or their values were extracted from the literature. The temperature
dependence of those variables were then extrapolated using the line shape function, F'(T"), which was
derived by fitting the experimental values of temperature-dependent bulk resistivity, p, to the function:

p(T) = (pr— pm) [1 = F(T)] + pm, (Bla)
e—aT
F(T) = ——= (B1b)
14+ ea7

where p; = 2 2-cm and py = 0.02 2-cm are respectively the resistivities in the insulating and metallic
states of VO, and the F'(T) fitting parameters were o = 0.02 K™!, T, = 337 K and AT = 2 K.

BI. Thermal Modelling

In Figure 3b, to determine the contribution of thermal effects to each transition, we simulated the
VO, temperature using the heat transfer module in COMSOL Multiphysics. The simulations included
the three-dimensional structure of the device, which was non-uniformly meshed with a minimum mesh
size of 5 nm, such that the critical dimensions in each direction included at least 10 elements. The section
of the VO, wire between the electrodes was used as a heat source with a total power of P = I X Vi,,. The
side and the bottom boundaries were set at room temperature and were sufficiently far apart to have no
influence on the thermal transport properties of the wire. The top surfaces were modelled as convective
cooling surfaces. The VO, thermal conductivity of insulating and metallic VO, were taken from [42]
and had T line shape function F'(7"). The heat capacity was modelled according to [40].

B2. Electrical Modelling

An electrical model of the device is shown in Figure 2c. The interface between the VO, and the metal
is modelled as a Schottky diode with a barrier height ¢, and a breakdown voltage V. Using this model,
the IV characteristics of the diode were calculated. The Schottky barrier height between the VO, and the
metal is ¢pg = ¢m — &s + (Ec — Er), where ¢y, and ¢, are respectively the metal and VO, work functions
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and Ec — Ef is the difference between the conduction band energy and the Fermi level of VO, [39]. The
diode current density, Jp, is then given by:

Jp = J, {eXp (%) _ 1] , (B2)

where V, is the applied potential across the diode and J; is the saturation current density of this
diode at room temperature, which can be estimated from the thermionic emission model of an intrinsic
semiconductor to be J, = 3.3 x 10* A/m? [39,43]. Equation (B2) provides an accurate description when
the diode is in forward bias. The IV characteristics in reverse bias can significantly deviate from the
above equation, as the VO,-Pd diode could easily breakdown under large applied electric fields.

In the VO, wire, the carrier density without any applied voltages is given by n = 1/(pq.), where
e = 0.5 cm? /(V-s) is the VO, electron mobility [41]. Using the bulk resistivity values of p = 2 2-cm,
we estimate the carrier density to be n = 1.25 x 10'® cm™3.

Using the above diode model, the carrier density, as well as the circuit model of Figure 2c, we
can predict the resistance of VO, microwires with different L and WW. Figure B1 shows the measured
resistivity of VO, wires vs. L for several values of 1/, where the symbols are the measured data and
the solid lines are the model calculations. The good agreement between the experimental results and
calculations shows that this simple model can capture the behaviour of VO, at the Pd interface [39]. It
should be noted, however, that the model assumes that the junction is longer than the depletion region
and will be invalid when L < 100 nm.

10 107
L (pm)

Figure B1. The measured (symbols) and calculated (solid lines) resistance of VO, wires as
a function of L for several values wire V.

This model can also predict the resistance of the microwire in the metallic state, which occurs when
the thermal filament spatially spans the whole wire (i.e., I >> I,). The resistance ratio of the microwires
was defined as 10log,, [R(I — 0)/R(I >> I5)]. Figure B2a,b respectively, shows the measured and
calculated resistance ratio after the phase transition. As expected, the model can predict the trends in the
resistance ratio using parameters of bulk VO, film.
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(a) R(I—=0)/R(I>>1,) (dB) (b) R(I—0)/R(I>>1,) (dB)
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Figure B2. The (a) measured and (b) calculated change in the resistance of VO, wires as a
function of L and WW.
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