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ing of temperature-dependent
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Al2O3 substrate†
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Vanadium dioxide (VO2) is one of the extensively studied strongly correlated oxides due to its intriguing

insulator–metal transition near room temperature. In this work, we investigated temperature-dependent

nanoscale conduction in an epitaxial VO2 film grown on an Al2O3 substrate using conductive-atomic

force microscopy (C-AFM). We observed that only the regions near the grain boundaries are

conductive, producing intriguing donut patterns in C-AFM images. Such donut patterns were observed

in the entire measured temperature range (300–355 K). The current values near the grain boundaries

increased by approximately two orders of magnitude with an increase in the temperature, which is

consistent with the macroscopic transport data. The spatially-varied conduction behavior is ascribed

to the coexistence of different monoclinic phases, i.e., M1 and M2 phases, based on the results of

temperature-dependent Raman spectroscopy. Furthermore, we investigated the conduction

mechanism in the relatively conductive M1 phase regions at room temperature using current–voltage

(I–V) spectroscopy and deep data analysis. Bayesian linear unmixing and k-means clustering showed

three distinct types of conduction behavior, which classical C-AFM cannot resolve. We found that the

conduction in the M1 phase regions can be explained by the Poole–Frenkel mechanism. This work

provides deep insight into IMT behavior in the epitaxial VO2 thin film at the nanoscale, especially the

coexistence and evolution of the M1 and M2 phases. This work also highlights that I–V spectroscopy

combined with deep data analysis is very powerful in investigating local transport in complex oxides

and various material systems.
1. Introduction

Since its discovery in 1959,1 vanadium dioxide (VO2) has been
an extensively studied strongly correlated oxide due to its
intriguing insulator–metal transition (IMT). Its IMT tempera-
ture is very close to room temperature (at approximately 340 K
in bulk single crystal) and drastic changes in electrical
conductivity and optical properties are shown across the IMT.
Therefore, VO2 has also attracted considerable interest in
applications such as thermal sensors, smart windows, and
memristive devices.2–5 An interesting characteristic of the IMT
of VO2 is its accompanying structural phase transition (SPT),
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i.e., from a low-temperature insulating monoclinic phase (M1)
to a high-temperature metallic rutile (R) phase. However, the
concurrent occurrence of SPT has created a long-standing
debate over the underlying mechanism of IMT. Namely, there
has not been a consensus whether the primary mechanism of
IMT of VO2 is an electron–electron interaction (Mott transi-
tion)6,7 or an electron–phonon interaction (Peierls transition).8,9

Mott-assisted Peierls pictures (i.e., both physics are important)
have been recently proposed.10,11

Spatially-resolved mapping of local conductance change
during IMT can provide deep insight into the IMT of VO2.
Scanning probe microscopy (SPM) is a powerful technique
because it allows real-space imaging of various physical prop-
erties at the nanoscale. Scanning near-eld infrared micros-
copy12–14 and Kelvin probe force microscopy15,16 have been
intensively used to study the IMT of VO2. In this respect,
conductive-atomic force microscopy (C-AFM) can be the most
powerful SPM technique because it directly measures local
electrical conductance with a sub-nanometer spatial resolu-
tion.17–19 Recently, Kim et al. studied the IMT behavior in
a granular polycrystalline VO2 lm grown onto a Si substrate
using temperature-dependent C-AFM.18 They observed local
RSC Adv., 2022, 12, 23039–23047 | 23039
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conductance differences inside a single grain during IMT, i.e.,
insulating grain cores and conductive grain boundaries,
producing intriguing donut patterns in the C-AFM images.
Based on temperature-dependent Raman spectroscopy results,
they found that the donut-like conductance pattern is ascribed
to the coexistence of relatively conductive M1 phase and insu-
lating different monoclinic phase, the so-called M2 phase.

Note that the M2 phase is an intermediate state between the
M1 and R phases. It has been experimentally observed during
the transition from M1 to R phases.20–22 It is known that the M2
phase is formed by strain18,20–24 or doping.25,26 Therefore, the
epitaxial strain induced by lattice mismatch between a lm and
a substrate could signicantly affect the formation and evolu-
tion of the intermediate M2 phase and the resultant IMT.
However, direct mapping of temperature-dependent nanoscale
conductance change in the epitaxial VO2 lms using C-AFM has
rarely been performed.

Furthermore, the C-AFM allows current–voltage (I–V) spec-
troscopy measurement on a grid of multiple nanometer-sized
points.27,28 It records the bias-induced current responses of
the sample at each location, yielding spatially-resolved multi-
dimensional data sets. The deep data analysis, such as k-means
clustering29 and Bayesian linear unmixing,30 can be applicable
to such multidimensional I–V data sets and provide an under-
lying mechanism of local conduction.31,32 This statistical
approach combined with I–V spectroscopy can provide further
insight into nanoscale conduction in materials. However, it has
yet to be applied in VO2 lms.

In this work, we investigated temperature-dependent
nanoscale conduction behavior in an epitaxial VO2 thin lm
using C-AFM. We also observed similar donut patterns in the
C-AFM images, as reported by Kim et al.,18 indicating that only
the regions near the grain boundaries are conductive.
However, unlike the previous report,18 the donut patterns were
observed for the entire measured temperature range (300–355
K) in our epitaxial VO2 lm grown on c-plane Al2O3 (c-Al2O3)
substrate. This indicates that the M1 and M2 phases coexist
even at room temperature due to the epitaxial strain induced
by the c-Al2O3 substrate. Their coexistence was conrmed by
temperature-dependent Raman spectroscopy. Furthermore,
we investigated the local conduction mechanism in relatively
conductive M1 phase regions using I–V spectroscopy and deep
data analysis.

2. Materials and methods

The 20 nm-thick VO2 lm was deposited on the c-Al2O3

substrate by using aerosol-assisted chemical vapor deposition.33

A precursor solution of 0.01 M concentration was prepared by
dissolving vanadyl acetylacetonate (the source material for V
ion) in 2-methoxyethanol. An aerosol of the precursor solutions
was ultrasonically produced in a glass vessel and transported
with Ar carrier-gas to a reaction chamber in which pyrolysis of
the chemical vapor occurred on a heated substrate to produce
a solid lm. The temperature of the substrate holder was
maintained at 420 �C during the lm deposition. To examine
the epitaxial relationship of VO2 lm, high-resolution X-ray
23040 | RSC Adv., 2022, 12, 23039–23047
diffraction (HRXRD) q–2q, f scans, and reciprocal space
mapping (RSM) were performed using the X-ray diffractometer
with a Cu target X-ray tube (D8 Discover, Bruker). Electrical
transport property was investigated by measuring temperature-
dependent resistance using four-probe method. For Raman
spectroscopy measurements, a diode-pumped solid state laser
with an excitation wavelength of 514.4 nm was used. The laser
power was maintained at �0.3 mW during measurements to
minimize local heating. The size of the laser spot was 1 mm2.
The scattered Raman signal was dispersed using a Jobin-Yvon
Horiba iHR550 spectrometer (2400 grooves per mm) and
detected using a charge-coupled device. Temperature-
dependent C-AFM was performed using a commercial atomic
force microscope (NX-10, Park Systems) with a heating stage
and a variable gain low noise current amplier (DLPCA-200,
Femto). Conductive Pt/Cr-coated AFM tips (ElectriTap190-G,
BudgetSensors) with their spring constants of approximately
48 N m�1 were used for C-AFM imaging and I–V spectroscopy.
3. Results and discussion
3.1. Epitaxial relationship of the VO2 thin lm

We veried from the results of HRXRD q–2q and f scans that the
VO2 thin lm was epitaxially grown on c-Al2O3 (0001) substrate.
As shown in Fig. 1(a), only sharp VO2 (020) and (040) peaks were
observed at 2q z 39.8� and 85.6�, respectively, except for the
Al2O3 substrate peaks and the Au peaks that originated from an
Au electrode for C-AFM measurement, as described below. This
q–2q scan result demonstrates that the (010)-faceted epitaxial VO2

layer was grown along the out-of-plane direction. We note that
crystallographic (hkl) notation for VO2 is based on themonoclinic
structure. To check further in-plane epitaxial alignment between
the VO2 lm and the c-Al2O3 substrate, HRXRD f scan was per-
formed. As shown in Fig. 1(b), the azimuth angles of six-fold VO2

(220) peaks with 60� separations match well with those of the six-
fold Al2O3 (116) peaks with hexagonal symmetry due to their
three equivalent domains, which is consistent with the f scan
results of other epitaxial VO2 lms grown on c-Al2O3

substrates.34,35 This result demonstrates the perfect epitaxial
relationship between the VO2 thin lm and Al2O3 substrate.34 It is
worth noting that the VO2 peaks in the f scan are relatively broad.
We found that each main peak has two small satellite peaks
located at both sides with �2.6� angle deviation [Fig. 1(c)]. It has
been reported that these satellite peaks originate from the
intrinsic angle mismatch between the monoclinic b angle
(122.6�) of VO2 lm and the 120� of Al2O3 substrate hexagon.35,36

Fig. 1(d) shows that the RSM was recorded around Al2O3 (0006)
and VO2 (020) peaks. The broadness of the VO2 peak along the x-
axis is comparable to that of the Al2O3 substrate peak, implying
that our VO2 thin lm exhibits a good crystallinity.
3.2. Macroscopic IMT and SPT behaviors

To study macroscopic IMT and SPT behaviors, we measured
electrical resistance and crystal structure of VO2 lm, respec-
tively, at various temperatures. Fig. 2(a) shows the temperature-
dependent electrical resistance of the VO2 lm. The resistance–
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) HRXRD q–2q scan and (b) f scan of the VO2 film on the Al2O3 substrate at room temperature. (c) Enlarged f scan near the VO2 film
peak. Two satellite peaks of the VO2 (220) peak are observed, as displayed by the Lorentzian curve fitting lines. (d) RSM around Al2O3 (0006) and
VO2 (020) peaks.
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temperature (R–T) curve demonstrates a typical IMT behavior.
The resistance ratio, R(350 K)/R(300 K), across the IMT is
approximately 200. The IMT temperatures (TIMT) during
heating and cooling are 333 K and 329 K, respectively, which
was determined by tting the Lorentzian curves to d(log R)
versus T plots [Fig. 2(b)]. We performed temperature-
dependent Raman spectroscopy to study SPT. Four phonon
modes, uV1, uV2, uO-M1, and uO-M2, marked by the vertical
solid lines in Fig. 2(c), are good indicators for the SPT of
VO2.37 The two peaks in the low-frequency region (i.e., uV1

and uV2) are related to the vibration of V–V dimers. Addi-
tionally, the peaks around 610 cm�1 originate from the V–O
lattice bonding. This V–O peak is considered the sum of two
phonon modes, uO-M1 and uO-M2, related to the M1 and M2
phases of VO2, respectively.20,21,37 The intensities of the
aforementioned four peaks decreases with increasing
temperature [Fig. 2(c)]. They decrease drastically between 343
K and 353 K and totally disappear above 363 K, indicating SPT
occurrence. This difference between IMT and SPT tempera-
tures suggests that our VO2 lm undergoes a Mott-type IMT.
We found from the deconvoluted Raman spectrum of the V–O
peak that the M1 and M2 phases coexist even at room
temperature [Fig. 2(d)]. We conclude that the M1 and M2
phases coexist in the wide temperature ranges in our VO2

thin lm owing to the existence of the V–O peaks around
610 cm�1 at least up to 353 K. This coexistence in the wide
temperature range is ascribed to the epitaxial strain induced
by the c-Al2O3 substrate.37
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.3. Nanoscale mapping of temperature-dependent
conduction

To directly investigate the change in local conductance and the
spatial evolution of the M1 and M2 phases during IMT, we
performed C-AFM imaging with varying temperatures. An Au
electrode was deposited by DC sputtering to measure local
currents owing through the VO2 thin lm, as schematically
illustrated in Fig. 3(a). In other words, we measured the lateral
electronic transport across the lm between the tip and the Au
electrode, primarily determined by the electrical resistance of
VO2 beneath the tip. We note that a similar experimental setup
has been used in other C-AFM studies for the IMT of oxide thin
lms.38 In this experimental geometry, the current value
detected at each pixel in the C-AFM images is determined by the
sum of a couple of resistances: the tip resistance, the tip–sample
contact resistance, the local resistance in the lm beneath the
tip, and the series resistance across the lm between the tip and
an electrode. Among them, it is known that the dominant
resistances are the tip–sample contact resistance and the local
resistance in the lm below the tip, i.e., the electrical resistance
of the material beneath the tip.38 Fig. 3(b)–(f) and (g)–(k) show
topography images and simultaneously obtained conductance
maps at various temperatures from 300 K to 355 K. For the
mapping of local conductances, we applied a small electric bias
of +1 V to the Au electrode to avoid unwanted artifacts, such as
local Joule heating and electron injection. The topography
images show that the applied electric bias and heat did not
induce any signicant topographic changes during the
RSC Adv., 2022, 12, 23039–23047 | 23041
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Fig. 2 (a) The R–T curve and (b) corresponding derivative curve of VO2 film. The solid lines in (b) show Lorentzian curve fitting results. (c)
Temperature-dependent Raman spectra at temperatures range of 293–363 K. Vertical dotted green lines indicate that the phonon modes
originate from the c-Al2O3 substrate. (d) Deconvoluted Raman spectrum ranging from 550 cm�1 to 725 cm�1 measured at 293 K. The cyan line is
the Lorentzian curve fitting result, the red line (613 cm�1) indicates the Ag mode of M1 phase of VO2 film, the blue line (660 cm�1) indicates the Ag

mode of M2 phase of VO2 film, and the green line (577 cm�1) corresponds to the Eg mode of Al2O3 substrate.
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measurement. We also observed that our VO2 lm is granular,
presumably due to the aforementioned intrinsic in-plane angle
mismatch. The average grain size is approximately 150 nm.

We observed the donut patterns in the conductance maps at
all measured temperatures, as shown in Fig. 3(g)–(k). Based on
the Raman spectroscopy results and the previous report,18 we
can conclude that the conductive grain boundary and the
insulating grain core in a single grain correspond to the M1 and
M2 phases, respectively. It is known that grain boundaries exert
tensile stress due to intergrain attraction.39,40 Additionally,
compressive stress is dominant in the grain core region.18 We
note that the M2 phase can be stabilized by applying
compressive stress along the direction perpendicular to [011]M1

in granular lms.20,41 Therefore, the spatial distribution of M1
and M2 phases is attributed to the difference in local strain
states. It is worth noting that the donut patterns in the
conductance maps in our VO2 thin lm (i.e., the coexistence of
M1 and M2 phases) were observed in wide temperature ranges
from 300 K to 355 K, which is consistent with the temperature-
dependent Raman spectroscopy data. However, in VO2 lm on
Si substrate,18 the donut patterns were observed in only narrow
temperature ranges from 320 K to 335 K. This suggests that the
epitaxial stress induced by the c-A12O3 substrate can
23042 | RSC Adv., 2022, 12, 23039–23047
signicantly change the formation and evolution of the inter-
mediate M2 phase.

The current values of conductive grain boundary regions
increase with increasing temperature. It should be noted that
the maximum value of the measured current is limited by the
chosen gain value of the current amplier. We xed the gain
value to capture tiny current at low temperatures, such as 300 K
and 310 K, during the measurement for Fig. 3(g)–(k). By using
different gain values depending on temperature, we conrmed
that the maximum current value rises by two orders of magni-
tude at 355 K (�320 mA) compared to that at 300 K (�1.3 mA),
which agrees with the macroscopic transport data presented in
Fig. 2(a). Fig. 3(l) and (m) show the binary black-and-white
images reconstructed from Fig. 3(g) and (k), respectively. The
black regions indicate non-conductive regions with noisy
currents (<100 pA) while the white regions correspond to
conductive regions. It can be seen that the conductive regions
spread with increasing temperature, indicating the occurrence
of intra-grain percolation. The existence of M2 phase and intra-
grain percolation process are a ngerprint for Mott transition of
VO2,18 which is consistent with the macroscopic IMT and SPT
behaviors, i.e., the difference between IMT and SPT tempera-
tures. Note that we also performed the C-AFM measurements
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic diagram of the C-AFM setup. Simultaneously obtained (b)–(f) topography images and (g)–(k) conductance maps with
increasing temperature. All images were measured in the same sample area. The scan size was 1 � 1 mm2. (l) and (m) The binary black-and-white
images are reconstructed from (g) and (k), respectively. The black and white regions indicate non-conductive regions with noisy currents and
conductive regions, respectively.
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under the nitrogen gas environment to test the effect of adsor-
bates, such as water, and observed similar donut patterns and
their temperature-dependent evolution without any noticeable
differences [ESI Fig. S1†].

3.4. I–V spectroscopy results and deep data analysis

We performed the I–V spectroscopy at room temperature on 30
� 30 points over a 500 � 500 nm2 region to investigate the local
conduction behaviors depending on the VO2 phases (i.e., M1
and M2 phases) [Fig. 4(a)]. A bipolar triangular bias waveform
(�2 V amplitude, 1 Hz frequency) illustrated in Fig. 4(b) was
applied to the Au electrode for the I–V spectroscopy measure-
ment. We observed distinct I–V curves depending on the posi-
tion inside a single grain [Fig. 4(c) and (d)]. The grain boundary
regions (corresponding to the M1 phase) show nonlinear and
high current responses [Fig. 4(c)], while the grain core regions
(i.e., M2 phase) display negligible noise current responses
[Fig. 4(d)].

Thereaer, we applied deep data analysis to the multi-
dimensional I–V data set collected at 900 points. First, we
used the k-means clustering to nd the smallest statistically
reasonable number of I–V behaviors presented in our epitaxial
VO2 thin lm system. The k-means clustering allows partition-
ing n points into k number of clusters having similar behavior
using a distance-based algorithm.29,31 It minimizes the sum over
all clusters of the within-cluster sum of squared point-to-
cluster-mean distances (i.e., variance) as follows:
© 2022 The Author(s). Published by the Royal Society of Chemistry
arg min
Xk

i¼1

X

xj˛Si

kxj � mik2 (1)

where xj is a point in a cluster Si and mi is the mean of points in
Si.31 We obtained the dendrogram plot using the k-mean clus-
tering, showing the quality of the cluster separation as a func-
tion of the number of clusters, as illustrated in Fig. 5(a). All
points in the dendrogram plot are initially classied into
a single cluster and are continuously separated down the hier-
archy. A larger vertical drop in each of the binary branches
indicates a better cluster classication. We found three opti-
mally separated clusters in our I–V data set, as indicated by the
red arrow in Fig. 5(a).

We statistically analyzed the I–V data set using Bayesian
linear unmixing.30,31 In the Bayesian approach,30 the data y (in
a vector form) is assumed to be a linear combination of
location-independent Bayesian endmembers mr with relative
fractional abundance coefficient ar, corrupted by additive
Gaussian noise n:

y ¼
XR

r¼1

mrar þ n: (2)

The abundance coefficients satisfy non-negativity and sum-
to-one constraints due to physical considerations.30,31

Fig. 5(b)–(g) show three Bayesian endmembers and
RSC Adv., 2022, 12, 23039–23047 | 23043
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Fig. 4 (a) Spatial map of the maximum positive current measured by the I–V spectroscopy over the 30 � 30 points. The map size is 500 � 500
nm2. (b) The bias waveform used for the I–V spectroscopy with a frequency of 1 Hz and an amplitude of �2 V. The I–V curves at (c) the grain
boundary and (d) grain core regions marked by open squares in (a).
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corresponding three Bayesian loading maps extracted from our
I–V data set. Endmembers R ¼ 3 were used based on the k-
means clustering. The rst Bayesian endmember is symmetric
in terms of voltage polarity and shows high current behavior. It
manifests mostly in the grain boundary regions, corresponding
to the M1 phase regions [Fig. 5(b) and (e)]. The second end-
member is also observed in the regions of M1 phase [Fig. 5(f)].
However, the current behavior is asymmetric and shows a large
Fig. 5 (a) Dendrogram plot of hierarchical binary cluster trees obtained
m2, and (d) m3, and corresponding Bayesian loading maps, which show

23044 | RSC Adv., 2022, 12, 23039–23047
I–V loop opening in the negative voltage region [Fig. 5(c)]. Its
current value is relatively smaller than that of the rst end-
member. The third endmember highlights the grain cores, i.e.,
the M2 phase, and the void regions between grains [Fig. 5(g)]. It
has a signicantly low and symmetric current response
[Fig. 5(d)]. As noted in eqn (2), the conduction behavior at each
point in our VO2 lm can be represented as a superposition of
the three endmembers with corresponding abundance
from k-means clustering. Three Bayesian endmembers, i.e., (b) m1, (c)
the distribution of abundance coefficients, i.e., (e) a1, (f) a2, and (g) a3.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The plots of ln(I/V) versus
ffiffiffiffi
V

p
for the forward I–V curve in the positive voltage region of (a) the first and (b) the second Bayesian end-

members. The insets in (a) and (b) show the current responses for the small voltage regions. The solid red lines in (a) and (b) show the linear fitting
results. The arrows in (a) and (b) indicate the same voltage values.
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coefficients. Additionally, we stress that the k-means clustering
and Bayesian linear unmixing extracted three distinct types of
conduction behavior in our VO2 lm, which classical C-AFM
never resolve. In other words, the classical C-AFM provided
only two different conduction behavior between grain cores and
boundaries. However, from deep data analysis, we were able to
classify the M1 region more.

We further investigated the conduction behaviors of the
Bayesian endmembers. We only focused on the rst and second
Bayesian endmembers extracted from the relatively conductive
M1 phase regions because the third endmember originated
from the highly insulating M2 phase and void regions. It has
been reported that the conduction in VO2 lms at far below TIMT

is dominated by Poole–Frenkel (PF) mechanism,42,43 which is
a bulk-limited conduction model to describe trap-assisted
electron transport in an electrical insulator. Fig. 6(a) shows
the plot of ln(I/V) versus

ffiffiffiffi
V

p
for the forward I–V curve in the

positive voltage region of the rst Bayesian endmember. The PF
mechanism explains well the conduction in the insulating M1
phase regions of our epitaxial VO2 thin lm, as indicated by the
linear solid red line. The inset in Fig. 6(a) shows the ohmic
mode for the very small voltage region (<0.2 V), consistent with
other literature.43 The other three I–V curves are also explained
by the PF mechanism [ESI Fig. S2†]. The conduction of the
second endmember can also be explained by the PF mecha-
nism, as shown in Fig. 6(b) and S3.† However, we note that
further investigation, including temperature-dependent I–V
spectroscopy, is highly required for a more precise analysis of
the conduction mechanism. Finally, we speculate that the
voltage polarity-dependent asymmetric conduction behavior
observed in the second Bayesian endmember is attributed to
the local distribution of charged defects, such as oxygen
vacancies.17 Specically, the oxygen nonstoichiometric region
can show an asymmetric I–V curve with a loop opening. In
addition, the difference in local strain gradient and consequent
exoelectric eld may cause the asymmetry of the I–V curve.44

4. Conclusions

In summary, we investigated temperature-dependent nanoscale
conduction and IMT behavior in an epitaxial VO2 thin lm
© 2022 The Author(s). Published by the Royal Society of Chemistry
grown on a c-Al2O3 substrate using C-AFM. We observed
intriguing donut patterns inside a single grain in C-AFM
images, indicating that the grain boundaries are relatively
conductive but the grain cores are insulating. The temperature-
dependent Raman spectroscopy showed that the observed
donut patterns are due to the coexistence of relatively conduc-
tive M1 and highly insulating M2 phases. The M1 phase regions
spread with increasing temperature, indicating intra-grain
percolation. Particularly, we observed the coexistence of M1
and M2 phases in the whole measured temperature range (300–
355 K), suggesting that the epitaxial strain plays an important
role in the formation and evolution of the intermediate M2
phase. In addition, the existence of M2 phase and intra-grain
percolation process indicates our VO2 lm undergoes a Mott-
type IMT. We further investigated the local conduction mech-
anism in relatively conductive M1 phase regions using I–V
spectroscopy and deep data analysis. The k-means clustering
and Bayesian linear unmixing showed the conduction in VO2

lm can be classied into three different conduction behaviors.
We also found that the conduction behavior in the relatively
conductive M1 region can be explained by PF mechanism. This
work provides direct nanoscale insight into IMT behavior in the
epitaxial VO2 lm, especially the coexistence and evolution of
M1 and M2 phases. In addition, we highlight that the meth-
odology used in this work, i.e., the I–V spectroscopy combined
with deep data analysis, is very powerful in investigating local
transport in complex oxides and various material systems.
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