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ABSTRACT

For practical applications, tuning the metal-insulator transition (MIT) behavior of high-quality vanadium dioxide (VO2) on arbitrary sub-
strates, such as Si and glass, is desirable. Here, we demonstrate the ability to tune the MIT temperature (TMIT) of VO2 films by growing them
on NbWO6 (NWO) nanosheets on arbitrary substrates and varying the film thicknesses. The oxidation and crystal structure of VO2 films are
determined by x-ray photoelectron spectroscopy and temperature-dependent x-ray diffraction, respectively. It is observed that as the film
thickness increases, the TMIT also increases to the bulk value, 341 K, because of the increase in the rutile c-axis of VO2. The strain effect
accompanying with the film thickness variation on NWO nanosheets contribute to the shortening of the rutile cR axis in thin films and,
hence, the lowering of TMIT of VO2. Furthermore, the arbitrary underlying substrates have negligible influence on the MIT behavior of VO2

on NWO nanosheets. These results open up the possibility to more freely choose a technical substrate material for functional VO2 films and
tune its MIT.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0059174

Vanadium dioxide (VO2) shows a sharp and reversible metal-
insulator transition (MIT) near room temperature, 341K in bulk VO2,
which is accompanied by a structural transformation from a tetragonal
rutile (R) phase (P42/mnm) to a monoclinic (M1) phase (P21/C).

1,2

The distinct changes in the electrical and optical properties across the
MIT enable many promising applications such as next-generation
transistors,3,4 memory metamaterials,5 sensors,6,7 smart windows,8

and optical switching devices.9 However, the ability of tuning the VO2

MIT temperature (TMIT) is necessary for successful application.
Indeed, many methods have been utilized to tune the TMIT of VO2

such as doping,10,11 oxygen vacancies,12 hydrogenation,13,14 and strain
effect.15–23

Utilizing the strain effect in VO2 epitaxial films on single crystal
substrates has been an effective approach to tune the TMIT. It is worth
noting that the strain effect results from the elastic strain due to lattice
mismatch and the residual thermal strain upon cooling due to the dif-
ference in thermal coefficients between the substrate and the film.
Many reports on the growth of VO2 films on single crystal substrates
showed a strain-dependent TMIT accompanying with the film thick-
ness variation.15–19,21–23 For example, Muraoka and Hiroi reported
that the TMIT of the VO2 film could be tuned to room temperature on
single crystal rutile TiO2(001)R substrates.15 When the VO2 film

thickness increased beyond a critical thickness of 15 nm, the strained
VO2 film partially or fully relaxed, which lead to the increase in its
rutile c-axis, cR, and hence TMIT.

16,20 Furthermore, Aetukuri et al.
demonstrated that an effective way to employ the strain effect in the
fixed thickness film VO2 on TiO2(001)R substrates was to vary the
thickness of a RuO2 buffer layer, which allowed them to vary the TMIT

in the range of 285–345K.18

In our previous study, we showed that VO2 films with high struc-
tural and orientational quality could be epitaxially grown on oxide
nanosheets on arbitrary underlying substrates.24 Especially, NbWO6

(NWO) nanosheets, which have the lattice constant a¼ 4.68 Å and a
2D square symmetry, can promote the growth of VO2(001)R.

24 One
can consider each NbWO6 nanosheet as a micro-sized single crystal
substrate with the theoretical thickness of 7.17 Å (see Fig. S1). Tuning
the VO2 TMIT on such substrates is necessary for practical applications.
However, the question is whether the strain effect using the film thick-
ness of VO2 films as a variable is applicable on NWO nanosheets.
Likewise, the influence of underlying substrates on the physical prop-
erties of VO2/NWO nanosheets is unknown. Therefore, in this
research, the effect of thickness in the VO2/NWO nanosheet/substrate
heterostructure was investigated. A monolayer of NWO nanosheets
was deposited on Si(111), single crystal SrTiO3(001), ultralow
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expansion (ULE) glass, and 200nm Si3N4/Si. With pulsed laser deposi-
tion (PLD), single out-of-plane oriented VO2 films were grown epitax-
ially on NWO nanosheets with a thickness ranging from 20 to 90nm
at 520 �C unless otherwise stated. Figure S1 showed that NWO nano-
sheets were thermally stable at deposition conditions. In situ x-ray
photoelectron spectroscopy (XPS) was used to determine the oxidation
of V, and the crystal structure of the VO2 films was determined by x-
ray diffraction (XRD). Detailed sample preparation is described in the
supplementary material. When the film thickness of VO2 increased,
the TMIT increased toward the bulk value accompanied by an increase
in the distance V-V atoms in the cR axis direction due to a strain relax-
ation with thickness. Interestingly, the underlying substrates had a
negligible effect on the characteristics of the MIT in VO2 films on
NWO nanosheets.

VO2 is one of many phases in the VxOy family, so XPS is useful
to confirm the oxidation state of V. The XPS data were collected in
situ at room temperature from VO2 grown in a PLD chamber con-
nected with an XPS analyzer. Figure 1(a) shows a typical spin–orbit
split two peak structure of V2p.25 The position of the V2p3/2 core-level
peak is 515.8 eV with the full width at half maximum (FWHM) of
2.42 eV and that of a V2p1/2 core-level peak is 523.3 eV. These values
are matched the reported values for V4þ in VO2.

25,26 Regarding the
crystal structure, Fig. 1(b) presents the XRD data collected at 303 and
403K that are below and above the TMIT of the 90nm VO2 film grown
on a monolayer of NWO nanosheets on a Si(111) substrate. At 303K,
the peak at 64.86� corresponded to the (-402)M1 VO2 reflection.
Meanwhile at 403K, the peak shifted to 65.19� corresponding to
(002)R VO2 reflection. The epitaxial relationship between NWO nano-
sheets and the VO2 overlayer was discussed elsewhere.

24

The transport properties of VO2 films with the thickness from 20
to 90nm were characterized by measuring the resistivity change dur-
ing the MIT transition (shown in Fig. S2). TMIT, the sharpness of the
MIT (DT) and the thermal hysteresis (DH) are three characteristic
MIT parameters as defined in Ref. 27. It has been shown that DT is
directly proportional to the overall defect density of the VO2 film,
including point defects, clusters, impurities, dislocations, and grain
boundaries, whereas DH is proportional to the degree of misorienta-
tion between grain boundaries.27–30 We observed that DT fluctuated
around a mean value of 23.7 (62.8) K over the whole range of VO2

film thicknesses (shown in Table S1); hence, it was independent of the
film thickness of VO2 on NWO nanosheets. Moreover, the atomic
force microscopy (AFM) data of VO2 films with thicknesses from 20
to 90nm show that RMS roughness, surface morphology, and lateral
grain size remained almost unchanged (shown in Fig. S3 and Table
S1). It is indicated that the overall defect density remained unchanged
in VO2 films on NWO nanosheets in spite of the film thickness.
Meanwhile, DH slightly increased with the increase in the film thick-
ness (shown in Table S1). Although VO2 films were grown single ori-
ented (001)R in the out-of-plane direction, their in-plane orientation
was random,24 which lead to a relative large DH. In addition, there
were always few gaps between NWO nanosheets, where the bare sub-
strate was exposed during VO2 deposition. As a result, randomly ori-
ented VO2 grains on these gaps may have contributed a small degree
of misorientation to the film and, hence, a slight increase in DH as the
film became thicker. Figure 1(c) shows the change in TMIT and the lat-
tice constant of the cR axis as a function of film thickness of VO2/
NWO/Si(111). TMIT increased almost linearly with an increase in the

film thickness below 60nm, and levels off at the value of bulk VO2,
341K, beyond 70nm thickness. According to the literature, the
increase in TMIT of VO2 is directly related to the increase in V-V ion
distance along the rutile cR axis, which influences the orbital overlap
and the metallicity in the rutile phase.16,18–21,23 Indeed, the cR of VO2

FIG. 1. (a) In situ XPS data with high-resolution spectra of V 2p with component
peaks, collected on the 20 nm VO2/NWO/Si(111), confirmed the oxidation of V4þ.
(b) Temperature-dependent XRD patterns of the 90 nm VO2/NWO/Si(111) were
measured at 303 and 403 K, at which M1 and R phases are stable, respectively.
The two peaks labeled “�” originate from the silver paste used to glue the sample
on the heater stage. (c) Plots showing the change in TMIT and cR as a function of
the film thickness of VO2/NWO/Si(111). cR values were calculated from the peak
position of VO2(002)R films at 403 K (shown in Fig. S4).
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films on NWO nanosheets followed the same trend as that of TMIT as
the film thickness increased.

When an epitaxial film is grown on a bulk single crystal substrate,
one can argue that as the film thickness increases beyond a critical
limit, the elastic strain induced by a substrate is gradually relaxed in
the film. In the case of VO2 films on single crystal TiO2(001)R sub-
strates, fully strained films were observed below the critical thickness
of 15–18nm with a TMIT of 290K, whereas above that thickness, the
partially and fully relaxed VO2 films resulted in a gradual increase in
cR and, hence, of TMIT to the bulk values of VO2.

16,19,20,23 The finite
size effect also affects the lattice constants of oxide thin films. The
20 nm VO2 film with a dominant (110)R orientation deposited on a Si
substrate under the same conditions as VO2 on NWO nanosheets
showed a TMIT of 357K (shown in Fig. S5), which is higher than the
bulk VO2 value because it had dominant (110)R orientation, while the
finite size effect leads to the elongation of the cR in-plane.31 It is rea-
sonable to assume that both strain and finite size effects can affect the
cR value of VO2 films grown on bulk single crystal substrates and,
hence, the TMIT of VO2.

It must be mentioned that the finite size effect is difficult to disen-
tangle from the effect of epitaxial strain and vice versa. It is reasonable
to assume that the finite size effect still plays a role in VO2 films on
NWO nanosheets. However, it is still unclear whether epitaxial strain
is present in VO2 thin films on NWO nanosheets (or how much). In
order to verify the effect of epitaxial strain, 30 nm VO2 films were
grown on single crystal TiO2(001)R, 100 nm TiO2(001)R/NWO/
Si(111), and NWO/Si(111) substrates at 400 �C instead of 520 �C.
Note that the reason to choose the relatively low temperature is
because it was reported that the diffusion of Ti atoms from TiO2 sub-
strates into VO2 films was observed above 400 �C, forming (Ti,V)O2

phases.32 Indeed, it was observed that the appearance of the peak at
63.09� (shown in Fig. S6) probably originated from the Ti-rich
(Ti,V)O2 phase due to the Ti diffusion. This is also our experience as
the insertion of one monolayer of NWO nanosheets on single crystal
TiO2(001)R substrates limited the Ti diffusion as the peak at 63.09�

was strongly suppressed (shown in Fig. S6).
In this series, the single out-of-plane oriented TiO2(001)R film

exhibited a smooth surface (Fig. S7). In Fig. 2(a), it can be seen that
the VO2(002) peaks of three VO2 films are at the same angle, indicat-
ing the same lattice constant cR¼ 2.855 Å. In addition, in the recipro-
cal space maps (RSMs) [Figs. 2(b)–2(d)] around the off-axis
TiO2(112)R reflection, it was observed that the VO2 films were fully
strained to the single crystal TiO2(001)R and the 100nm TiO2(001)R/
NWO/Si(111) substrates, and their VO2(112)R reflections were at the
same position as the one on the NWO/Si(111) substrate, indicating
the same in-plane aR lattice constant. It must be noted that the peak-
shape of VO2 reflections seen in Figs. 2(a)–2(d) for the three films is
not exactly the same, possibly caused by some inhomogeneities across
the thickness of the films. Furthermore, the transport measurements
in Fig. 2(e) show that three VO2 films had the same TMIT of
3296 1K, consistent with the extrapolated value of cR¼ 2.855 Å in
Fig. 1(c). Based on the literature,27 it has been observed that the
increase in the defect content VO2 results in the decrease in the change
of resistivity and the increase in the DT across the MIT of VO2. We
observed that across the MIT, VO2 films on TiO2/NWO/Si and
NWO/Si had less than two orders of magnitude in the change of resis-
tivity and the DT of about 35K, while the one on the single crystal

TiO2 substrate had more than three orders of magnitude in the change
of resistivity and the DT of 10K. One would expect the former had a
higher defect content than the latter mainly due to defects from the
grain boundaries between NWO nanosheets. VO2 films had DH of
10K on both TiO2/NWO/Si and NWO/Si substrates and DH of 8K
on the single crystal TiO2 substrate. This small difference in DH was

FIG. 2. (a) XRD patterns of 30 nm VO2 grown at 400 �C on single crystal
TiO2(001)R, 100 nm TiO2(001)R/NWO/Si(111) and NWO/Si(111) substrates. The
reciprocal space maps (RSMs) of 30 nm VO2 films on (b) single crystal TiO2(001)R,
(c) 100 nm TiO2(001)R/NWO/Si(111), and (d) NWO/Si(111) substrates showing the
off-axis TiO2(112)R and VO2(112)R reflections. (e) Transport measurements of
30 nm VO2 films as a function of temperature.
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probably due to the random in-plane orientation of VO2 on NWO
nanosheets. It is worth noting that the VO2 film grown on NWO/Si at
520 �C had larger change in resistivity and smaller DT compared to
the one at 400 �C, and both films had similar DH. This indicated that
the film grown at higher temperatures had a lower defect content.

As mentioned above, epitaxial strain in oxide thin films has a
pure elastic component and a component due to residual thermal
strain. Because the lattice constant measured for the 100nm
TiO2(001)R film was the same as the value for the bulk single crystal
TiO2(001)R (Fig. 2) and obviously their thermal expansion coefficient
was the same, the strain effect in VO2 films in these two samples
should be the same. Meanwhile, the lattice mismatch of the bulk
VO2(001)R (aR¼ 4.55 Å) with TiO2(001)R (aR¼ 4.59 Å) is 0.85%, and
with NWO nanosheets (a¼ 4.68 Å) it is 2.78%, VO2 films would expe-
rience the in-plane tensile strain on these materials. Due to the
Poisson effect in the case of VO2(001)R, an in-plane tensile strain
should result in an out-of-plane compressive strain that shortens the
cR axis. We can safely assume that the finite size effect on VO2 lattice
constants of 30 nmVO2(001)R films on the three mentioned substrates
would be similar. Then, the strain effect, causing the shortening of the
cR axis of VO2(001)R films, in the VO2 film on NWO/Si(111) appar-
ently is the same for both single crystal TiO2(001)R as well as the
100nm TiO2(001)R/NWO/Si(111) substrates given the same cR lattice
constant and TMIT.

However, fully disentangling the origins of the strain effect in the
VO2 film on NWO nanosheets is complicated because of undeter-
mined variables. For example, thermal coefficients of NbWO6 nano-
sheets and even their parent compounds, LiNbWO6 and
HNbWO6.xH2O, are unknown. Generally, nanosheets are generally
used for flexible devices because of their own flexibility,33,34 but their
Young and shear moduli so far remain unknown. Thus, the relation-
ship between the lattice mismatch and elastic strain of NWO nano-
sheets and VO2 films, in particular, has been also unclear. For
instance, it remains the question whether lattice constants of both
NWO nanosheets and VO2 films simultaneously will change to mini-
mize the elastic energy or if there are other possibilities. Further study
is necessary to clarify the strain effect between oxide nanosheets and
deposited oxide thin films.

After oxide nanosheets were deposited on substrates at room
temperature and then processed at high temperature, i.e., 520 �C, prior
to PLD deposition of the VO2 film, the type of interaction or a bond
between nanosheets and substrates still remains unknown. The differ-
ence in thermal expansion coefficients between VO2/NWO nano-
sheets and underlying substrates may have caused a residual thermal
strain upon cooling down from deposited temperature, probably
affecting the TMIT of the overlaid VO2 films. Figure 3 shows TMIT of
20 and 50 nm VO2/NWO nanosheets on various substrates as a func-
tion of the thermal expansion coefficient, a. Two sets of each VO2

thickness were made. The average values of the MIT temperatures of
VO2 films on four substrates were 319 and 327K for 20 and 50nm
films, respectively. In both film thicknesses, VO2/NWO/SrTiO3 had
the slightly higher MIT temperatures than the average values by 3K.
Furthermore, the error bar was around 1K for each data point. The
TMIT remained almost unchanged even though the change in the ther-
mal expansion coefficient varies over three orders of magnitude.
Moreover, the surface morphology, DT and DH of these VO2 films
were similar (shown in Figs. S3 and S8). Thus, the influence of

underlying substrates on the MIT behavior of VO2 on NWO nano-
sheets was negligible.

In conclusion, we have shown the ability to tune the MIT behavior
of VO2 on NWO nanosheets and the lack of influence on the underly-
ing substrates. The existence of the V4þ oxidation state was confirmed
as well as the phase transformation between low temperature M1
monoclinic and high temperature R rutile phases in VO2/NWO nano-
sheets. It was observed that the sharpness of VO2 MIT, DT, remained
constant and the thermal hysteresis, DH, slightly increased as the VO2

film became thicker on NWO nanosheets. Meanwhile, the TMIT of VO2

films decreased when the film thickness was reduced because of the
shortening of the cR axis. The strain effect accompanying with the thick-
ness variation on NWO nanosheets contributed to the shortening of the
cR axis. Finally, the underlying substrates had negligible influence on the
MIT behavior of VO2/NWO nanosheets. These results demonstrate
that NWO nanosheets enable us to obtain highly crystalline and
oriented VO2(001)R films while preserving their functionality, regardless
of the underlying substrates with different structural and thermal prop-
erties. In addition, the nanosheets offer the possibility to tune the MIT
by choosing different thicknesses. These could not be obtained if the
films would be directly grown on substrates that are amorphous, such as
glass and Si with a native SiO2 layer, or have different crystal structures
compared to that of VO2 such as SrTiO3(001).

See the supplementary material for the preparation and charac-
terization of NbWO6 nanosheets and VO2 thin films.
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FIG. 3. TMIT of 20 and 50 nm VO2/NWO on four different substrates is almost
unchanged in the wide range of thermal expansion coefficients.
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