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ABSTRACT

Vanadium dioxide (VO2) thin films grown on hexagonal boron nitride (hBN) flakes show three orders of magnitude resistance change
due to metal–insulator transition (MIT). The MIT property of VO2 thin films is strongly dependent on the metallic domain size, which
should be identified to derive the resistance change owing to the single metallic domain. In this study, we investigated the relationship
between the metallic domain size and the device-size-dependent MIT property of VO2 thin films grown on hBN. We observed by
temperature-dependent Raman spectroscopy and optical microscopy the emergence of the metallic domains and determined the metallic
domain size in VO2 thin films grown on hBN. The metallic domain size of the VO2 thin films grown on hBN was determined to be
�500 nm on average in length and up to sub-micrometer scale. Electric transport measurements revealed that VO2/hBN microwires
exhibit multi-level step-like resistivity changes that change by one to two orders when the length and width are �2 lm owing to the con-
fined metallic domains in the micrometer scale. Our results open a way for VO2 devices, showing a steep and large resistance change even
in the micrometer scale.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0072746

Vanadium dioxide (VO2) exhibits metal–insulator transition
(MIT) with three orders of magnitude resistance change near room
temperature (�340K),1,2 and the growth of VO2 thin films has been
studied for application to various devices, such as field-effect transis-
tors and bolometers.3–5 Single-crystal oxide substrates such as Al2O3

and TiO2 have been commonly utilized to grow high-quality VO2 thin
films. VO2 thin films grown on Al2O3(0001) substrates show MIT at
approximately 340K, similarly to a bulk crystal owing to the relaxed
strain.6,7 On the other hand, VO2 thin films grown on TiO2(001) sub-
strates are single-crystal epitaxial thin films that show MIT at 300K
with the compressive strain along the c-axis.8 Recently, Genchi et al.
have reported the growth of VO2 thin films on hexagonal boron
nitride (hBN).9 hBN is a two-dimensional layered material, where van
der Waals interactions play a role in connecting each layer. Two-
dimensional layered materials can reduce the lattice strain caused by

weak van der Waals interactions when used as substrates, making
the lattice mismatch negligible at the interface between thin
films and substrates. With its chemical stability and insulating
property,10,11 hBN is suitable for growing oxide thin films. Stacks
of VO2/hBN are transferable onto various materials, such as gold,
paper, and glass.9 These characteristics make the stacks of VO2/
hBN applicable to Mott transistors, paper electronics, smart win-
dows, and so forth.9 Importantly, a VO2/hBN microwire even with
the length of 41 lm and width of 37 lm exhibits three orders of
magnitude resistance change.9 These characteristics also indicate
the possibility of hBN as a universal substrate for growing various
oxide thin films regardless of lattice structures and lattice constants
through van der Waals interactions.

Despite these advantages of VO2 thin films grown on hBN,
the relationship between the metallic domain size and the
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device-size-dependent electric transport property such as the order of
magnitude of the step-like resistance changes has yet to be determined.
Generally, the MIT property is governed by a spatial element called
“metallic domain,” and the metallic domain size is dependent on the
substrate. For example, the metallic domain of VO2 thin films grown on
Al2O3ð1012Þ substrates is observed by scanning near-field infrared
microscopy,12 and the metallic domain size of VO2 thin films grown on
Al2O3(0001) substrates is reported to be 50–70nm.13 To obtain multi-
level step-like resistance changes, nanowires have been fabricated to
reduce the number of metallic domains.13 On the other hand, VO2 thin
films on TiO2 substrates have two types of metallic domains: microsized
domains and nano-sized domains. The microsized metallic domains,
whose sizes are restricted by cracks formed on the surface, are observ-
able by optical microscopy.14,15 Thus, a single-step resistance change
changing by two orders in microwires has been reported.16 The nano-
sized metallic domains have been observed through Kelvin probe force
microscopy,17,18 and they are regarded as the original element to induce
MIT. Based on these backgrounds, it is important to determine the
metallic domain size, and it is necessary that the device size is small, on
the order of the metallic domain size to obtain a steep and large resis-
tance change since it can be a critical factor for enhancing the perfor-
mance of the device using the MIT of VO2 thin films.

In this study, the temperature-dependent in situ observation of
MIT in VO2 thin films grown on hBN was conducted, and the metallic
domain size was determined to be �500nm on average and up to
sub-micrometer scale from optical microscopy images. Furthermore,
the device-size-dependent MIT property of VO2 thin films grown on
hBN was investigated by electric transport measurements using micro-
wires. The multi-level step-like resistance changes were prominently
observed when the width and the length were small enough to be com-
parable to the metallic domain size, �2 lm. Notably, the giant single-
step resistivity change changing by two orders owing to the confined
metallic domains was observed.

hBN flakes were mechanically exfoliated and transferred from
bulk crystals synthesized by the method of Taniguchi and Watanabe19

onto SiO2/Si substrates, and the flakes were annealed in an oxygen
atmosphere to remove the adhesive residue. Pulsed laser deposition
(PLD) was utilized to grow VO2 thin films with sintered V2O5 as a tar-
get and an excimer laser (193 nm). The partial oxygen pressure was
0.95 Pa, and the substrate temperature was 723K. The crystallinity of
the VO2 thin films grown on hBN was characterized by temperature-
dependent Raman spectroscopy (Raman touch, Nano photon) with a
solid-state laser (532 nm). The laser spot size was �1 lm, and the
grating was 1200 lines/mm. Temperature-dependent in situ Raman
spectroscopy was conducted at 300, 342, and 380K on a temperature-
controllable stage to identify the metallic domains. Next, temperature-
dependent optical microscopy images were obtained to determine the
metallic domain size. The metallic domain size was defined as the full
width at half maximum of fitting Gaussian curves in the line profile of
the color contrast. The cover ratio of the metallic domains over the
observed area was calculated by binarization of the optical microscopy
images. For these experiments, two VO2/hBN flakes were prepared as
shown in Table I to determine the metallic domain size in different
VO2/hBN flakes.

For electric transport measurements, a pair of electrodes were
deposited by photolithography and sputtering deposition on VO2/
hBN flakes, and subsequently, VO2/hBN microwires were fabricated

by photolithography and reactive ion etching under a mixture of O2

and sulfur hexafluoride gases. The temperature-dependent resistivity
of VO2/hBN microwires was measured in air ambient on a thermally
conductive Peltier stage in 0.1K steps at a ramping/cooling rate of
1.5K/min. To obtain the device-size-dependent resistivity–tempera-
ture (R–T) curves, three microwires with different widths and lengths
were prepared, as shown in Table II. The VO2/hBN microwires were
fabricated from VO2/hBN flakes different from flakes (1) and (2),
which were prepared under the same experimental condition. Note
that the wire (2) was fabricated by etching wire (1) to reduce the width
of the microwire.

Figure 1(a) shows the optical microscopy image of flake (1) on
the SiO2/Si substrate, confirming the homogeneous formation of the
thin film. Figure 1(b) shows the Raman spectra of the VO2 thin film
grown on hBN at 300 and 380K. Clear Raman peaks attributable to
VO2 of the insulating monoclinic M1 phase were observed at 193, 223,
391, and 615 cm�1,20,21 in addition to the Raman peaks of Si at
520 cm�1 (Ref. 22) (used for calibration) and hBN at 1367 cm�1 (Ref.
23) at 300K. On the other hand, the Raman peaks attributable to VO2

of the M1 phase disappeared at 380K, implying that the VO2 thin film
grown on hBN underwent MIT accompanied by the structural change
from the M1 phase to the rutile phase.21 Figure 1(c) shows a magnified
monochrome optical microscopy image of flake (1) at 342K during
MIT. In this image, an inhomogeneous geometry composed of a gray
region and black dots whose size was on the order of hundreds of
nanometers was observed. Figure 1(d) shows the Raman spectra of the
VO2 thin film grown on hBN at 342K. In the gray region, the Raman
peaks attributable to the M1 phase were observed. On the other hand,
the Raman spectra at a black dot exhibited no Raman peaks attribut-
able to the M1 phase, similarly observed for the VO2 thin film at
380K. In a minority, Raman peaks owing to the monoclinic M2 phase
were observed at 200 and 642 cm�1 (Ref. 21) in addition to the Raman
peaks attributable to the M1 phase due to the growth of VO2 along the
energetically favorable [110] direction to hBN(001)9 although the M2
phase was not able to be optically distinguished by the color contrast
(see Fig. S1 in the supplementary material). These results suggest that
the gray region and the black dots correspond to the insulator phase
and the metallic phase, respectively. To determine the metallic domain

TABLE I. Thicknesses of VO2 and hBN.

VO2 hBN

Flake (1) 80 nm 95 nm
Flake (2) 80 nm 360 nm

TABLE II. Sizes of VO2/hBN microwires.

Length (L) Width (W)

Wire (1) 23.5 lm 12.7 lm
Wire (2) 23.5 lm 2.6 lm
Wire (3) 1.1 lm 2.6 lm
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size in the VO2 thin films grown on hBN, temperature-dependent
optical microscopy images were obtained.

Figure 2(a) shows the magnified temperature-dependent optical
microscopy images of flake (1). Note that the images were obtained in
the same region. Upon heating to 360K, the metallic domains (corre-
sponding to dark blue dots) appeared, and a clear change in the color
contrast was observed. The color contrast was found to return to the
initial one after cooling to 300K. Figure 2(b) shows the temperature-
dependent cover ratio of the metallic domains over the area of the
optical microscopy images. Note that the cover ratio was defined to be
0% at 300K and 100% at 360K, since the entire area of the images was
covered by the insulator and the metallic domains at each temperature.
The temperature-dependent cover ratio exhibited hysteresis character-
istics with a sharp increase above 340K during the heating process.
Figure 3(a) shows the magnified temperature-dependent optical
microscopy images of the flakes (1) and (2) around 330K, where the
metallic domains start to appear. Note that the images were obtained
in the same region in each flake. Figure 3(b) shows the temperature-
dependent metallic domain size. In the narrow temperature range, it
was found that the metallic domains appeared discretely, and the
number of the metallic domains increased with the size of �500nm

on average in length, as shown in Fig. 3(b). Thus, the 500nm-sized
metallic domains are the spatial element in MIT. This mechanism is
same as that of VO2 thin films on Al2O3(0001) substrates. Although
the resolution of the optical microscopy was 100–350nm, the metallic
domains were observable and the metallic domain size was found to
be �500nm on average and up to sub-micrometer scale, which is one
order of magnitude larger than that of the VO2 thin film grown on the
Al2O3(0001) substrate.13 It is considered that the metallic domains
exist within the grains considering the crystallography. These results
suggest that the multi-level step-like resistance changes can be
observed even in micrometer scale owing to the confined metallic
domains.

Figure 4(a) shows the R–T curves measured ten times consecu-
tively for wire (1), exhibiting three orders of magnitude resistivity
change at approximately 340K in each measurement. The observed
MIT property is consistent with the result of the increase in the cover
ratio of the metallic domains shown in Fig. 2(b). Wire (1) was etched
to fabricate wire (2) to reduce the width, as shown in the inset of
Fig. 4(b). Figure 4(b) shows the R–T curves measured ten times con-
secutively for wire (2), exhibiting different multi-level step-like resistiv-
ity changes in each measurement. The electric conduction is governed

FIG. 1. (a) Optical microscopy image of flake (1). (b) Raman spectra of flake (1) at 300 and 380 K. The green and blue dotted lines correspond to the Raman peaks of Si and
hBN, respectively. (c) Magnified monochrome optical microscopy image of flake (1) at 342 K composed of black dots and gray region. The scale bar is 5 lm. (d) Raman spec-
tra of flake (1) at the gray region and a black dot at 342 K. The green and blue dotted lines correspond to the Raman peaks of Si and hBN, respectively.
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by the percolation paths,24 and it has been estimated by a theoretical
simulation that when the size of the microwire is several times larger
than the metallic domain size, such multi-level step-like resistance
changes appear owing to the confinement effect of the metallic
domains.25 Moreover, a similar electric behavior was also reported for
the R–T curves measured eight times consecutively for a VO2/r-Al2O3

device.26 Figure 4(c) shows the schematic of the electric conduction
path in the heating process between a pair of electrodes. The possible
reason for such electric behavior is the fluctuation of the transition
temperature of each metallic domain, leading to different electric con-
duction paths. However, the order of the resistivity/resistance change
is considerably different. An approximately one order of magnitude
resistivity change was observed in wire (2), whereas less than one order

of magnitude resistance change has been observed in the VO2/r-Al2O3

device.26 This result reflects the difference in the metallic domain size
between VO2 thin films grown on hBN and those grown on Al2O3.

Next, to enhance the confinement effect of the metallic domains,
wire (3) was prepared as shown in the inset of Fig. 5. Figure 5 shows
R–T curves measured ten times consecutively for wire (3). The fre-
quency and order of magnitude of the multi-level step-like resistivity
changes became more pronounced than those of wire (2), as shown
in Fig. 4(b). For comparison, a VO2/Al2O3(0001) microwire with
L ¼ 2.4 lm and W ¼ 2.3 lm was fabricated, and R–T curves were
obtained under the same experimental conditions (see Fig. S2 in the
supplementary material). In the VO2/Al2O3 microwire, no multi-level
step-like resistivity changes were observed despite the comparable

FIG. 2. (a) Magnified temperature-dependent optical microscopy images of flake (1) in the same region. The scale bars are 5 lm. (b) Temperature-dependent cover ratio of
metallic domains. The red and blue curves correspond to the heating and cooling processes, respectively.
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device sizes, which reflects the difference in the metallic domain size of
VO2/Al2O3 and VO2/hBN. Furthermore, the giant single-step resistiv-
ity change changing by two orders was observed in wire (3), as shown
in Fig. 5. Such giant single-step resistivity change is observed when the
metallic domain size is comparable to the wire length.27,28 Considering
that the length of wire (3) is 1.1 lm, the observed giant single-step
resistivity change implies the presence of a metallic domain with the
size comparable to 1.1 lm. This is reasonable since the optically deter-
mined metallic domain size was up to sub-micrometer scale. Therefore,
the giant single-step resistivity change is attributable to the limited num-
ber of metallic domains in wire (3). It is also of great importance that
such a giant single-step resistivity change was observed even in micro-
meter scale. Our results indicate the applicability of VO2 thin films to
switching devices, such as Mott transistors with the steep and large resis-
tance change in micrometer scale.

In conclusion, the metallic domain size of VO2 thin films grown
on hBN is �500nm on average in length and up to sub-micrometer
scale, as determined by temperature-dependent Raman spectroscopy
and in situ optical observation. The multi-level step-like resistivity

changes are attributed to the confinement effect in the micrometer
scale. Importantly, the giant single-step resistivity change changing by
two orders was observed, implying the presence of the metallic domain
whose size is comparable to 1.1 lm. Our results show the usefulness of
the application of VO2/hBN to switching devices with a steep and large
resistance change in the micrometer scale.

FIG. 3. (a) Magnified temperature-dependent optical microscopy images of flakes
(1) and (2) in the same region in each flake. The metallic domains correspond to
the dark blue and red dots in flakes (1) and (2). The scale bars are 5 lm. (b)
Temperature dependence of the metallic domain size of flakes (1) and (2).

FIG. 4. (a) R–T curves measured ten times consecutively for wire (1). The inset is
the optical microscopy image of wire (1). The thickness of the VO2 thin film is
52 nm. The red and blue arrows indicate the heating and cooling processes,
respectively. The scale bar is 20 lm. (b) R–T curves measured ten times consecu-
tively for wire (2). The inset is the optical microscopy image of wire (2). The scale
bar is 20 lm. (c) Schematic of the electric conduction path in the heating process
between a pair of electrodes. The blue and red areas correspond to the insulator
phase and metallic phase, respectively. The white arrow indicates the electric con-
duction path.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 120, 053104 (2022); doi: 10.1063/5.0072746 120, 053104-5

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/apl


See the supplementary material for the Raman spectrum of flake
(1) with the Raman peaks attributable to the M2 phase at 342K and
R–T curves measured ten times consecutively for the VO2/Al2O3

microwire.
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