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M
any solid state phase transitions
involve metal-to-insulator transi-
tions (MIT)which include a change

in impedance and sometimes crystal struc-
ture.1�5 Understanding such solid state
phase transitions quantitatively presents a
significant research challenge owing to var-
ious factors such as high local strain and
oxygen vacancies.6�10 These inhomogene-
ities usually manifest as localized character-
istics often at the nanoscale.11,12 Under-
standing the nanoscale evolution of such
impedance across the phase transition is
crucial not only from the paradigm of fun-
damental science but also to realizing prac-
tical device applications. In this work, we
study a prototypical material, the transi-
tion metal oxide vanadium dioxide (VO2).
VO2 undergoes a thermally driven structural
change from the monoclinic (M1) to tetra-
gonal (rutile, R) phase with increasing
temperature centered around a transition
temperature (Tc) of approximately 341 K.11

This transition is accompanied by a rapid

change in optical properties as well as a
change in the electronic conductivity over
several orders of magnitude. Additionally,
the insulator-to-metal transition (IMT) can
be induced by mechanical,8 optical,13 or
electrical stimuli.1 Further, the rapid nature
of this transition, which can occur as quickly
as∼100 fs,13 has sparked significant interest
in the material for possible applications
including, but not limited to, coupled oscil-
lators,14 RF switches,15,16 and thermochro-
mic devices.8,17

As potential VO2 based device technolo-
gies scale into the decananometer regime,
novel characterization techniques are re-
quired to locally probe the structural, opti-
cal, and electronic properties at the nano-
meter scale. This is, in part, due to the
coexistence of both the metallic and insu-
lating phases within the span of the IMT.12

For VO2, there remains much interest in
imaging the domain size and unraveling
the nature of the IMT in order to shed
additional lighton the transportmechanisms
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ABSTRACT Quantitative impedance mapping of the spatially

inhomogeneous insulator-to-metal transition (IMT) in vanadium

dioxide (VO2) is performed with a lateral resolution of 50 nm through

near-field scanning microwave microscopy (SMM) at 16 GHz. SMM is

used to measure spatially resolved electronic properties of the phase

coexistence in an unstrained VO2 film during the electrically as well as

thermally induced IMT. A quantitative impedance map of both the

electrically driven filamentary conduction and the thermally induced

bulk transition is established. This was modeled as a 2-D hetero-

geneous resistive network where the distribution function of the IMT

temperature across the sample is captured. Applying the resistive network model for the electrically induced IMT case, we reproduce the filamentary nature of

electronically induced IMT, which elucidates a cascading avalanche effect triggered by the local electric field across nanoscale insulating and metallic domains.

KEYWORDS: vanadium dioxide . phase transition . phase coexistence . scanning microwave microscopy .
insulator-to-metal transition . impedance mapping
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and fundamental length scales involved. Thus, spatially
mapping the exact nature of the IMT at the nanoscale
has been the subject of intense research through a
variety of scanning techniques: scanning tunneling
spectroscopy (STS),18 scanning transmission X-ray mi-
croscopy (STXM),19,20 optical microscopy,20,21 broad-
band near-field infrared microscopy,12 and, most
recently, scanning microwave microscopy (SMM).22,23

SMM is a high frequency microwave scanning probe
technique which measures a transformed nanoscale
complex impedance at the AFM tip during a 1-port
reflectivity measurement. Changes in the reflection
coefficient (Γ) are recorded at the VNA port (Γport).
The changes in Γport are due to a change in the
resonant frequency caused by variations in the local
impedance beneath the SMM tip. These changes in the
output signal of the SMMare recorded in two channels,
abs(Γport) and phase(Γport). Sensitivity of up to attofar-
ad capacitances using SMM have already been
demonstrated.24 However, due to the inclusion of a
λ/2 coaxial resonator, Γport at the VNA is representative
of a transformed impedance at the tip and not of the
true nanoscale impedance (Ztip). Due to this, transla-
tion of themeasured electrical data into an impedance
map has proved to be a limitation, with demonstra-
tions being limited to MOS capacitors25�27 and other
silicon and silicon dioxide test structures.28 Here, we
show that through a calibration of the SMM acquired
microwave response using finite element modeling
(FEM), an extraction of the nanoscale R and C values
seen at the SMM tip can be realized. The nanoscale
R and C values can then be plotted as a spatially
resolved impedance map. Thus, a direct probing of
the nanoscale conducting and insulating domain re-
sistances is now possible and demonstrated during
both thermal and electrically driven phase transition.
In our previous work,19 STXM was used to study the
evolution of the crystal structure in a VO2 film during
applied bias. However, SMM offers an increased spatial
resolution as well as a sensitivity derived from the true
electrical properties of the film instead of exclusively
the crystal structure. This results in a purely electrical
characterization of the spatially mapped phase transi-
tion. Further, comparing the results of SMM impedance
mapping to a 2-D heterogeneous resistive network
model of the VO2 film allows for additional quantifica-
tion of the mechanisms behind the phase transition,
wherein the coherency of the quantitative impedance
mapping and 2-D heterogeneous modeling elude to a
cascading avalanche effect of transitioning nanodo-
mains during the electrically induced phase transition
and a nonuniform distribution of transition tempera-
ture across the domains in the temperature driven IMT.

RESULTS AND DISCUSSION

Structure. The structure used for this study is com-
posed of a 100 nm-thick VO2 film that is electrically

isolated from a conductive n þ Si substrate by a
100 nm-thick thermally grown SiO2 layer, as shown in
the inset of Figure 1b. A single-phase VO2 film was
formed using a two-step process (see synthesis in
Methods section). Formation of a single phase VO2 film
was confirmed by X-ray diffraction (XRD) measure-
ment, which can be seen in Figure S1 of the Supporting
Information. The conducting (0.1 Ω cm) Si substrate is
used to produce a large coupling capacitance to the
ground plane, which is required for meaningful SMM
imaging. Themeasured resistivity vs temperature char-
acteristics of the VO2 film shown in Figure 1b confirms
the transition temperature is near the expected value
of 341 K for unstrained VO2. In addition, the VO2 film
exhibits reversible electric-field-induced IMT switch-
ing properties as shown in Supporting Information
Figure S2.

Figure 2a is a schematic representation of the SMM
setup where an AFM with SMM nose cone is used
in conjunction with a vector network analyzer (VNA). A
λ/2 resonator is required to be present in the nose cone
due to the mismatch in the impedance between the
characteristic 50Ω impedance of the transmission line
and the large impedance seen by the SMM tip. Without
the λ/2 impedance, transformer total reflection would
be measured regardless of the changes in the impe-
dance at the tip during the imaging. With the inclusion
of the λ/2 transformer and 50 Ω shunt, variations
around a very large impedance at the SMM tip are
converted to variations around 50Ω. By establishing a
resonant frequency condition of approximately every
2.57 GHz, the λ/2 resonator allows for the highest
measurement sensitivity to be located in a narrow
frequency range around the λ/2 condition. SMM uti-
lizes this resonant frequency during a 1-port reflectivity
measurement, where changes in the reflection coeffi-
cient (Γ) are recorded at the VNA port (Γport). The
resonant frequency at 16.024 GHz was used for all
scans due to a very sharp peak allowing for a high

Figure 1. (a) Visualized monoclinic and rutile structures
where cyan represents vanadium atoms and red oxygen
atoms. (b) Resistivity vs temperature curve measured by
standard van der Pauw measurement. Inset is the sample
structurewhere100nmVO2 isgrownon100nmSiO2/675μm
Si-substrate. A doped substrate is used to provide a strong
back coupling to the ground plane.
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dynamic range. Figure 2b,c shows the SMM response
to metallic and insulating domains where the large
change in impedance of the domains causes dramati-
cally different shifts in the resonant frequency. Since
each scan is taken at a single frequency, large changes
in the measured abs(Γport) and phase(Γport) are re-
corded. Due to the inclusion of a λ/2 coaxial resonator,
Γport at the VNA is representative of a transformed
impedance at the tip and not of the true nanoscale
impedance (Ztip), where Ztip is the total impedance
measured at the tip to the ground plane.

Thermally Induced IMT. Scanning Microwave Micro-
scopy (SMM) allows nanoscale imaging of the emer-
gence and coalescence of nanoscale metallic domains
as VO2 undergoes a temperature induced phase transi-
tion. The metallic phase first appears at 315 K and
expands throughout the sample as the applied tem-
perature progresses through the IMT. SMM imaging
was performed at 2.5 K intervals from 315 until 352.5 K.
After every temperature step a 5 min wait period was
taken to allow the surface temperature to reach ther-
mal equilibrium. All scans were taken of the same 2.5�
2.5 μm scan area, as seen in Figure 3a�c, with a
resolution of 256 � 256. In Figure 3d�f the spatial
abs(Γport) response is plotted documenting a subset of
the IMT. The red regions are those of the conducting
domains, while the blue regions are the insulating
domains. As the temperature is increased, the cover-
age fraction of the metallic phase begins to approach
total coverage and reaches the maximum possible
coverage at a temperature slightly beyond 353 K. The
SMM imaging of the phase coexistence in VO2 yields

results that are consistent with previous measure-
ments and established models for the IMT.12,18 A full
set of the SMM scans can be found in the Supporting
Information and all scans were found to be repeatable.
Here it is observed that throughout the IMT transition
nanoscale metallic domains appear within the insulat-
ing matrix and with increasing temperature reach
a threshold radius of approximately 100 nm before
coalescing to form larger regions. The observed phase
coexistence is indicative of the film being comprised of
nanoscale domains with varying transition tempera-
tures owning to defects, composition, and local strain.
This observation motivates modeling the film as a 2-D
heterogeneous domain network which is representa-
tive of the macro-scale response seen in SMM.

Figure 4a shows the 2-D heterogeneous resistive
network model where each nanoscale VO2 domain is
taken as a node with four perpendicularly placed
resistors. Each cell is representative of a single nano-
scale domain, which when placed together in anm� n

network describes the behavior of the macroscale
sample. In accordance with the measured domain size
of ∼100 nm, a single domain is taken to be 100 nm in

Figure 3. (a�c) Normalized AFM topography of a 2.5 μm �
2.5 μm size scan region at 327.5, 332.5, and 337.5 K,
respectively. Lighter regions are peaks, while dark regions
are valleys within the surface topography; maximum range
of surface topography is 6 nm. (d�f) Corresponding abs-
(Γport) for each of the given temperatures. Expansion of the
metallic phase (red) is observed, while the (blue) insulating
phases diminish with increasing temperature.

Figure 2. (a) SMM setup visualized in contact with VO2

sample. VNA is connected to a half wavelength coaxial
resonator terminating at a Pt conducting AFM tip in con-
junction with a 50 ohm shunt. (b) abs(Γport) response to
insulating and conducting regions at 332.5 K and the
corresponding (c) phase(Γport) response. Large distinct
changes between insulating and metallic domain response
are observed in both traces.
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length and width. As such, the model was run at 50 �
50 domains, modeling an area of 5 μm � 5 μm. Each
node can be in the insulating or metallic state. The
insulating state resistivity is defined by eq 129 where Ea
is the activation energy (0.19 eV), and F1 is a fitting
parameter (1.29 � 10�5 Ω cm).

Fm1(T) ¼ F1exp
Ea
kBT

� �
(1)

And themetallic state resistivity Fr is 5.53� 10�4Ω cm.
By assuming that each cell in the network has a specific
transition temperature, Ti,j

IMT and Ti,j
MIT, and distributing

the transition temperatures of the individual domains
across a Gaussian distribution centered on the macro-
scopic Tc

IMT and Tc
MIT30 (distributions are shown on the

Y2-axis in Figure 4b as wells as Figure 4a), we can
reproduce the insulator to metal transition. In the
model, a domain is considered to undergo a metal to
insulator transition once the temperature of the sam-
ple has exceeded the transition temperature (Ti,j

IMT) of
the given domain i, j (for heating). After each tempera-
ture, the resistivity is calculated from the resistance
which comes from solving the potential at each node
in the domain network as described in Poklonski et al.31

The simulated resistivity is then plotted against the
physically measured values shown in Figure 4b.
Figure 4c shows the metallic fraction (percentage of
total domains that are in the metallic state) computed
during the simulation as a function of temperature.
This is overlaid upon themetallic fraction taken directly
from SMMmeasurements. The SMMmeasured fraction

is taken from abs(Γport) and was calculated by a
weighted scaling of the measured abs(Γport), where
the maximum value was considered to be completely
metallic and the lowest value was considered to be
completely insulating. The intermediate values were
taken to be linearly proportional to metallic fraction.
The strong correlation between the measured and
simulated metallic fractions as well as measured and
simulated resistivity indicates that the assumption of a
2-D heterogeneous resistive network is reasonable.

To further use SMM to characterize the nanoscale
domain structure of the thermally driven IMT in VO2,
the abs(Γport) and phase(Γport) response must be
transformed to true nanoscale impedance as seen by
the tip in reference to the ground plane (Ztip). This has
proved to be a major hurdle that has been the subject
of recent research in calibration of the abs(Γport) and
phase(Γport) that are collected at the VNA port. A
successful calibration of abs(Γport) and phase(Γport) will
yield a spatial map of the resistance and capacitance
seen locally at the SMM tip. To relate Γport to Ztip, we
employ a standard single-port VNA calibration where
three known impedances from a model are used to
solve a nonlinear system of equations. This begins by
relating Γport and Γtip in the following equations.27,32

Γport ¼ e00 þ Γtipe01
1 � e11Γtip

(2)

Γtip ¼ Ztip � Zref
Ztip þ Zref

(3)

Equation 2 is a complex nonlinear equation with three
unknowns, namely, e00, e01, e11. To solve eq 2, three
known values of Γtip must be taken from a model.
COMSOL multiphysics modeling33 was used to deter-
mine three impedances for calibration on each scan in
Figure 3. These three known impedances can be
related to Γtip by eq 3. To accurately model the VO2

and the underlying SiO2/Silicon substrate, impedance
spectroscopy was performed vertically between pat-
terned gold pads and a grounded chuck at multiple
temperatures. A COMSOL model was designed at the
full scale of the sample and the material values were
tuned to fit the measured impedance spectroscopy
results and determine correct parameters for the un-
derlying substrate. These fitting results can be found in
the Supporting Information. The model showed that
the leakage current through the oxide and substrate
increased slightly with temperature, however the val-
ues largely remained the same and did not affect the
output impedance more than a tenth of a percent
between the scans. With the use of the calibrated
COMSOL model, three values of the VO2 impedance
were simulated where resistivity was taken corre-
sponding to an average resistivity at the scan tempera-
ture, metallic state resistivity, and insulating state,
resistivity. The complex nonlinear system of equations

Figure 4. (a) Nanoscale domainnetwork used tomodel VO2.
The network consists ofm� n domains each with a specific
insulator to metal transition temperature, Ti,j

IMT. (b) Compar-
ison of simulated and measured resistivity. (c) Comparison
of simulated and SMM measured metallic domain frac-
tion. The SMM metallic domain fraction was calculated by
weighted average of the measured abs(Γport) response.
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in 2 were then solved to evaluate e00, e01, and e11 at
each scan temperature in Figure 1b. Once e00, e01, and
e11 are obtained, they are then used to calibrate the
impedance map by solving eq 4 at each point of the
map from the abs(Γport) and phase(Γport) to evaluate
Γtip. From eq 5, Γtip can be converted to a local
impedance at the tip.27,32

Γtip ¼ Γport � e00
e01 þ e11(Γport � e00)

(4)

Ztip ¼ Zref
1þΓtip

1 � Γtip
(5)

Zref is an arbitrarily chosen reference impedance for
satisfaction of eqs 3 and 5; a value of 10 kΩ is chosen as
was done in ref27, but any value will suffice. This
calibration results in an impedance seen by the tip in
reference to the ground plane and therefore includes
the local material properties at an effective radius of
43 nm under the tip as well material properties from
the underlying substrate on the signal path to ground.
Ctip will be strongly influenced by the tip geometry,
substrate capacitance, and fringing electric field. How-
ever, the value of Rtip resulting from the calibration is
relatively immune to these effects and will largely
represent the VO2 film resistivity. The resulting cali-
brated impedance maps are shown in Figure 5a�f.
Further, COMSOL modeling reveals that Rtip ≈ RVO2
within an error range of 1�23% with the greatest
accuracy occurring in the metallic regions. The Ctip
value however is primarily due to the SiO2 and the
underlying Si substrate. In Figure 5a�c, the blue
regions correspond to the metallic domains and the
red pertain to the insulating regions. In the Ctip map,
the red regions are the conducting domains and
exhibit a larger capacitance to the large area with
which the signal is capacitively coupled to the silicon
substrate.

Electrically Induced IMT. The use of SMM to study the
IMT in VO2 has implications extending into the device
characterization. Here SMM can be utilized for in situ

mapping of an electrically induced phase transition. To
image the IMT induced by an electrical stimulus, two
terminal devices were patterned on the VO2 film as can
be seen in Figure 6a. The devices were lithographically
defined with a channel length of 6 μm and width of
20 μm. Pd (20 nm)/Au (60 nm) contacts were deposited
through e-beam evaporation. To bias the devices
during scanning, the contact pads were extended far
away from the device to accommodate the size of the
SMM nose cone. The contact pads were then wire
bonded to a standard chip carrier package which was
subsequently connected to a Keithley 4200 semicon-
ductor characterization system. The temperature of the
device was raised from room temperature to 315 K to
allow switching to occur at lower voltages as seen in
Supporting Information Figure S2. A current vs applied

electric field sweep is shown in Figure 6b where it can
be seen that the device switches at an electric field of
12 kV/cm; a current compliance was set to 20mA. SMM
scans were then performed at individual current input
biases from 3.25 mA to 20 mA in order to spatially
resolve the IMT within the device channel. This was
performed by biasing the device with a Keithly 4200
semiconductor parameter analyzer set in currentmode
to the desired current value (3.25�20 mA) for the
duration of the scan. As the current bias was applied
between the contact pads, nonuniform conduction
across the channel is identified within abs(Γport) and
phase(Γport) of the SMM response. It can be clearly seen
from Figure 6c�f that a metallic filament appears first
within the insulatingmatrix as the conduction path. It is
further observed that as the current is increased the
filament expands and eventually consumes the entire
width of the channel of the device. This dependence of
filament width to the applied input bias can be seen
in Figure 7b. Below the threshold switching current,
3.25 mA in this case, no filament formation is seen
within the device channel.

Figure 5. (a�c) Extracted Rtip values from eqs 6 and 7. Blue
regions represent the metallic phase and hence exhibit
resistances of around 130 Ω, while the red insulating
regions are approximately 7000 Ω. (d-�) Are the extracted
Ctip values which are smaller for the insulating domains as
compared to the metallic domains. This results from the
capacitance being primarily due to the SiO2 layer and the
conducting regions provide a larger area from which to
couple to the Si substrate.
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Abs(Γport) and phase(Γport) maps are transformed
into an impedance map by the process described
earlier. An in situ nanoscale mapping of the resistance
characterizing the conducting filament is shown in
Figure 7a. To fit the observed filament width depen-
dence on the applied current, a uniformity factor, β,
needs to be introduced. The uniformity factor provides
the percentage of metallic domains that are present
in the volume of the measured filament in order to
account for the inhomogeneous nature of the mea-
sured filament. The filament width (Wfil) is given by
eq 6.

Wfil ¼
JW

E
�W

Fi
β

Fm
� 1
Fi
þ 1 � β

Fi

(6)

Where J is the current density, Fm and Fi are themetallic
and insulating domain resistivity, respectively, L andW

are the physical device dimensions, and E is the applied
field. β is a unitless factor from 0 to 1 which is extracted

from the imaged filament by means of a weighted
average. Extracted values for β are within the range of
0.27�0.39 for all scans. A β of 0.35 is used in eq 6 to fit
themeasured filament width in Figure 7b. This demon-
strates the ability of SMM to directly image the nano-
scale conduction within scaled VO2 based switches.

Furthermore, the 2-D heterogeneous resistive net-
work model can be used to simulate the VO2 sample
under an applied field. This is schematically illustrated
in Figure 8a where one end of the sample is grounded
while the other is set to the applied voltage. Again the
assumption is made that each domain can individually
switch between the insulating to metallic states. As
such, the probability of a domain undergoing an IMT is
given by eq 7.34

PIMT ¼ e�(EB � qΔV=γ)=kT (7)

Here, ΔV is the average voltage drop across the
domain, EB is the energy barrier between the stable
insulating and metallic states, and γ (0.35) is a geo-
metric factor to account for the simulation grid size.
Figure 8b shows how ΔV is calculated, while Figure 8c
shows how ΔV is used to modulate the possibility
of traversing the energy barrier that separates the
insulating and metallic states. The probability of the
domain to switch back to the insulating phase is
controlled by the (EB � Ec) difference.

34

PMIT ¼ e�(EB � Ec)=kT (8)

The quasi-static simulation is performed by apply-
ing a voltage across the 2-D heterogeneous resistive
network and calculating the potential at each node.31

The probability that a domain undergoes an insulator
tometal transition, PIMT, is then calculated using theΔV
derived from the calculated potentials at each node.
On the basis of these calculated probabilities and the
probability for MIT, PMIT, the current state of the node
is determined (0, insulating; 1, metallic) followed by

Figure 6. (a) Device schematic for SMM imaging of the
electrically induced IMT. (b) Current vs electric field sweep
take of the device under test at 315 K. (c�f) In situ abs(Γ)
maps of electrically induced phase transition. A thin con-
ductive filament forms across the channel and expandswith
the applied current. (c) The smallest achievable conducting
filament which forms at 3.25mA (7 μm� 7 μm). (d�f) abs(Γ)
maps show the growth of the filament as the device is
subjected to higher currents (24 μm � 24 μm).

Figure 7. (a) Extracted resistance map of Figure 6c (7 μm �
7 μm). The blue color corresponds to conducting VO2

regions which form a small 1.3 μm wide filament spanning
the device channel. The red regions corresponds to the
remaining insulating portion of the channel. The black
regions at the top and bottom are that of the highly
conductive Au contacts. (b) The measured dependence of
filament widths as a function of applied input current bias.
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recalculation of the potential at each node. At this
point, PIMT is re-evaluated using those potentials and
the domain state determined once again. This process
is repeated until the output current stabilizes. The
stabilized 2D heterogeneous resistive network repre-
sents theDC state of the system in the quasi-static limit.
Once this state has been determined, the voltage is
stepped and the process is repeated. In this way the
I�V relationship can be recreated for forward and
reverse voltage sweeps, as is shown in Figure 9a. The
model successfully captures the abrupt nature of the
IMT and closely mimics the electrical transition, includ-
ing its hysteretic nature. Figure 9b shows the resulting
domain state at the indicated star in Figure 9a. The
formation of the metallic filament across the device
can be explained by the switching behavior of the
domains. Considering an insulating domain sur-
rounded by other insulating domains, the application
of a large voltage across the domains will eventually
cause one of the domains to switch to a lower resis-
tance state. When this initial domain switches to
become metallic, the potential drop across it is sig-
nificantly reduced, which in turn is redistributed to the
neighboring domains. The increase in potential across
the neighboring domains due to this redistribution of
field subsequently increases the probability that one
of these neighboring domain also transitions to the
metallic state. In this manner, a conducting filament is
formed within the device channel. Due to the interplay
between the domains, the formation of the filament is

an abrupt process. The evolution of the filament and
the corresponding nodal potential can be seen in
Supporting Information Figure S8. The barrier height
EB and EC for the simulation was set to 0.55 and 0.47 eV,
respectively.

It should be noted that a requirement of this
calibrationmethod is the need for effectivelymodeling
the sample substrate system in order to get accurate
Ztip values. So although the methodology is transfer-
able to an arbitrary sample, the finite elemental model
itself requires additional calibration to measured elec-
trical values. This results in further measurements such
as impedance spectroscopy, to accurately model the
device under test. Nevertheless, the information that
results from an investigation of the true nanoscale
electrical properties provides valuable insight into a
prototypical transition metal oxide, VO2, where the
underlying transport mechanisms are still unclear.

CONCLUSION AND OUTLOOK

In summary, we employ SMM to study the dynamic
phase coexistence and nanoscale domain structure of
VO2 in an unstrained film during both thermal and
electrically driven IMT at 16 GHz with a spatial resolu-
tion of 50 nm. By modeling the nanoscale domain
structure as a 2-D heterogeneous resistive network,
we have precisely reproduced the experimental re-
sults of the thermal and electrical phase transition. In
the thermally induced IMT, the results are demonstra-
tive of a distribution of nanoscale domains with slightly
varying transition temperature. The domains in turn
cluster and eventually coalesce to form total metallic
coverage within the film. Further, during an electrically
stimulated IMT, the presence and growth of a filamen-
tary conducting pathway is monitored and quanti-
tatively characterized across multiple bias points.
Through implementation of the 2-D heterogeneous
resistive network, it is shown that the nature of the
filament formation is the result a cascading avalanche

Figure 9. (a) Measured and simulated I�V characteristics;
measured I�V was set to compliance of 20 mA in order to
prevent device failure under high currents. (b) Simulated
filamentary conduction of 6 μm long and 20 μmwide device
(with 100 nm domain size) at the bias condition highlighted
by asterisk (*) in the I�V characteristics. Metallic domains
are yellow, while insulating domains appear as red.

Figure 8. (a) Nanoscale domain network used tomodel VO2

under electrical bias. Red domains are those which have
transitioned to the metallic state and green are those that
remain insulating. (b) V1, V2, V3, and V4 are used to calculate
ΔV. (c) Energy landscape where the stable Mott insulating
state and the correlated metal state are separated by an
energy barrier EB.
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effect wherein the redistribution of the field across
a transitioning domain upon its adjacent domains
results in an abrupt switch. This work provides a
quantitative framework to extract spatially resolved

impedance values for a well-established IMT oxide
such as VO2 or other phase transition devices as they
undergo phase transition and reveal their transport
and switching properties.

METHODS
Scanning Microwave Microscopy. A commercially available Agi-

lent 5420AFM is usedwith anAgilent E8364C VNA and scanning
microwave nose cone assembly (N9546A-CFG001) to carry
out measurements. Imaging is required to be performed in
contact mode for a properly synced response between the AFM
and VNA sweep at an applied in power of 5 dBm. A conductive
Platinum (Pt) tip (manufactured by Rocky Mountain Nano-
technology) made from a solid conically etched Pt wire with a
terminating radius of approximately 25 nm is affixed to a Pt
cantilever. The cantilever is then mechanically attached to a
sapphire chip completing the tip package. The tip has a height
of 80 μm, which is significantly larger than that of coated silicon
tips at 30 μm. A resistive heating element was controlled by a
325 Lakeshore temperature controller to maintain the tempera-
ture within 0.1 K. For scanning microwave microscopy under
bias, the sample was fabricated with long electrodes suitable
for wire bonding to a chip carrier. A Keithley 4200 semiconduc-
tor characterization system was used to maintain the bias
across the device in voltage mode with a specified current
compliance.

Device Fabrication. The VO2 film was grown by initially per-
forming pulsed DC mode sputtering with a solid vanadium
target at 5 mTorr with 97.5% argon and 2.5% oxygen flow on
SiO2 (100 nm)/Si (675 μm) sample. The total sputtering timewas
15min. This resulted in VOxwhere the oxygen content (x) is less
than 2. Thereafter, the vanadium film was annealed at 598 K for
10min with 10 standard liters per minute (slpm) argon flow and
0.1 slpm oxygen flow. Characterization of the VOx film using
XRD showed that a single phase VO2 film was formed. The
20 nm Pt/40 nm Au contacts were lithographically defined and
deposited by e-beam evaporation. Two terminal devices were
patterned in an array with channel lengths and widths each
ranging from 2 to 160 μm.
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