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As a prototype of a strongly correlated electron system, bulk vanadium dioxide (VO,)
exhibits a large and reversible metal-insulator transition (MIT) near 340 K, concomitantly
accompanied by a monoclinic—rutile structural phase transformation (SPT). In this study,
we systematically investigated the SPT across the MIT in a (010)-VO./(0001)-Al,O4
epitaxial thin film by simultaneously determining three lattice constants (a, b, and ¢)
and the mismatch angle (4f) using high-resolution X-ray diffraction. The lattice
constants a, b, and ¢ were approximately 5.723, 4.521, and 5.393 A respectively, at
room temperature, and the mismatch angle was approximately 122.02°. As the
temperature increased, the lattice constants and mismatch angle did not change
significantly until the temperature reached the MIT point. Then, a, b, and ¢ suddenly
increased to approximately 5.689 A, 4.538 A, and 5.411 A, respectively, and retained this
value up to nearly 90°C. However, the mismatch angle first slightly increased and then
sharply decreased to 122.00°. Additionally, the lattice constants and mismatch angle were
almost reproducible with decreasing temperature, except for hysteresis in the MIT region.
These results verify that VO, undergoes an MIT, simultaneously accompanied by SPT, in
thicker films with small strain and weak substrate constraints, analogous to bulk VO,. This
was further confirmed by in-situ varying-temperature Raman characterization. These
findings provide insights into the SPT and reveal an angular parameter for judging the
SPT in VO, systems.

Keywords: metal-insulator transition, structural phase transformation, VO, epitaxial film, lattice constants and
mismatch angle, high-resolution X-ray diffraction
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INTRODUCTION

Since Morin first discovered the metal-insulator transition (MIT)
behavior in 1959, vanadium oxide (VO,) has attracted great
attention owing to its implications in the fundamental sciences
and potential technological applications (Morin, 1959; Mott,
1990; Stefanovich et al., 2000; Lysenko et al., 2006; Park et al.,
2007; Nakajima et al., 2008; Kevin Wang et al.,, 2013; Lee et al,,
2017; Shi and Chen, 2018; Wall et al., 2018). Bulk VO, undergoes
a thermally-induced MIT with a critical temperature near 340 K,
accompanied by a structural phase transformation (SPT) from a
low-temperature insulating phase to a high-temperature metallic
phase (Mott, 1990; Lee et al., 2017; Shi and Chen, 2018; Wall et al.,
2018). Simultaneously, large and reversible changes in electrical
(Stefanovich et al., 2000), optical (Lysenko et al., 2006; Nakajima
et al., 2008), magnetic (Park et al, 2007), and thermal (Kevin
Wang et al., 2013) properties can be achieved in the vicinity of the
MIT. In addition, the MIT behavior of VO, is easily modulated by
external stimuli, such as temperature (Liu et al., 2015), strain (Cao
et al., 2009; Hu et al., 2010; Aetukuri et al., 2013; Lee et al., 2015),
light (Morrison et al., 2014), and electric fields (Nakano et al,
2012; Jeong et al., 2013; Sharma et al., 2018), enabling broad
applications in energy saving (Imada et al., 1998), photoelectric
switching (Huang et al., 2010), smart windows (Ning Wang et al.,
2013; Zhou et al., 2013), infrared devices (Chen et al., 2004), and
information storage media (Driscoll et al., 2009; Pellegrino et al.,
2012). However, the mechanism of the MIT in VO, remains
unclear; to date, there are three main perspectives. First, strong
electron-electron correlation dominantly drives the Mott
transition in the VO, system (Jeong et al., 2013). Second, the
electron-phonon mechanism is structurally driven by the Peierls
transition (Baum et al., 2007). The third involves the combined
action of electron correlation and structural instability (Yao et al,
2010; Cocker et al., 2012). Regardless of the specific mechanism
behind different VO, systems [for example, strained, relaxed in
the film state (Lee et al., 2018), or nanostructured samples (Cao
et al.,, 2009)], the SPT is the key link to uncovering the MIT
mechanism in VO,.

Extensive studies have been conducted on the SPT and crystal
structure of VO, films, with recent advances in their preparation
and growth (Fan et al, 2012; Yu et al., 2017; Lee et al., 2018;
Sharma et al., 2018; Zhang et al., 2020). Fan et al. analyzed the
structural domain-matching epitaxy relationship between VO,
and a sapphire substrate (Fan et al, 2012), which may be
important for understanding the MIT mechanism. Yu et al
obtained VO, thin films using an oxygen annealing treatment
and achieved an insulating monoclinic phase. Moreover, the
oxidation conditions affect the microstructure of VO, films
and further modulate its MIT performance (Yu et al, 2017).
Lee et al. demonstrated an isostructural, purely electronically
driven MIT in VO,_s/VO, bilayers on (001)-TiO, substrates (Lee
et al., 2018). Sharma et al. observed the crucial role of oxygen
vacancies in controlling the MIT in epitaxial VO, thin films on
Nb-doped TiO, substrates (Sharma et al., 2018). Zhang et al.
compared the crystal structure and optical properties of VO, thin
films on silicon, quartz, and sapphire substrates, revealing their
distinct behaviors (Zhang et al, 2020). Despite the
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aforementioned research, SPT across the MIT in VO, thin
films is insufficiently understood. To date, in thin-film VO,
systems, the structural unit cell parameters a, b, ¢ and f have
not been simultaneously determined to directly reveal SPT
behaviors across the MIT.

In this study, we deposited a VO, thin film on a c-plane
sapphire substrate using radio-frequency (RF) magnetron
sputtering. The epitaxial relationship between VO, and the
Al O; substrate, and temperature-dependent crystal structure
evolution were revealed using high-resolution X-ray diffraction
(XRD). The lattice constants and mismatch angle of the VO, film
were simultaneously determined to reveal the SPT across the
MIT, indicating a distinct phase transition compared to the bulk
VO, system (single crystal or polycrystal).

EXPERIMENTAL METHODS

We deposited VO, thin films on (0001)-Al,O; single-crystal
substrates with dimensions of 5 X 5 x 0.5 mm using a reactive
RF magnetron sputtering technique. A circular vanadium metal
target with a purity of 99.99% was sputtered. The RF power was
set to 65 W, and the gas pressure was approximately 0.33 Pa. The
argon (Ar) and oxygen (O,) flow ratio was set to 50:1.5, and the
substrate temperature was set to 520°C. The sputtering distance
was approximately 12 cm, and the background pressure was
pumped to a value greater than 2.5 x 107*Pa. The film
thickness was determined to be approximately 90nm by
controlling the deposition time (Yang et al, 2015a). The
orientation, structure, and epitaxial quality of the VO, thin
films were characterized using high-resolution XRD in house
with Cu K,; and partially on the 14B beamline of the Shanghai
Synchrotron Radiation Facility (SSRF) with an X-ray wavelength
of ~1.2395 A. The HORIBA LabRAM HR Evolution microscope
confocal laser Raman spectrometer was used to detect in-situ
temperature-varying Raman modes in the VO, epitaxial films. A
laser with a wavelength of 532 nm was selected, and the laser
power was set to approximately 0.25 mW. The objective lens was
a magnification of x50, and the unit data acquisition time was
20s. The rate of temperature change was approximately 10°C/
min during the heating process, and the cooling process naturally
decreased to room temperature. The temperature was maintained
for 4 min after it reached a fixed point to maintain stability and
consistency.

RESULTS AND DISCUSSION

Phase Structure and ¢-Scans of VO,/Al,03

Films

Figures 1A,B show the crystal structure of VO,. In general, the
SPT in VO, refers to the process of the monoclinic phase (M1)
transforming into the tetragonal phase (R) (Mott, 1990; Shi and
Chen, 2018). When the temperature is below the phase transition
temperature, VO, is in a monoclinic phase. In this state, the V
atoms in the crystal spontaneously dimerize along the a,,-axis,
forming a twisted zig-zag chain, as shown in Figure 1A. Because
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FIGURE 1| Schematic crystal structures of (A) monoclinic VO, (M1) and (B) rutile VO, (R), where the blue and red spheres represent vanadium and oxygen atoms,
respectively. (C) Full-range X-ray diffraction (XRD) ¢-scans of the (011) and (220) planes of the VO, (M1) thin film relative to the (208) peak of the substrate at room
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the V-V atoms have two different distances, resulting in the
localization of the d-orbital electrons in the V-V dimer, they
exhibit the properties of an insulating state (Shimizu et al., 2020).
In contrast, in the R phase, as shown in Figure 1B, the V-V atom
chain along the cg-axis direction is not paired, leading to the
disappearance of V-V dimerization and the emergence of a linear
chain (Morrison et al., 2014). As a consequence, the MIT occurs
with a resistivity change of nearly three to four orders of
magnitude as shown in Figure 1D. Moreover, the resistance
vs. temperature curve shows a reversible hysteresis with a critical
temperature of approximately 62.9 and 73.6°C in the heating and
cooling process (see details in Supplementary Figure S1 in
Supplementary Materials).

To verify the growth direction of the VO, thin film on the
(0001) surface of the Al,O5 substrate, we first performed a normal
0-26 line scan of XRD at room temperature and determined the
VO, [010] along the out-of-plane direction (see the following
results), which is consistent with previous reports (Yang et al,
2015a; Muramoto et al., 2020). Second, we confirmed the in-plane
growth orientation of the VO,/AlL,O; thin film using high-
resolution XRD at room temperature. Figure 1C shows the ¢-
scan results for the VO, (011) and (220) and AlL,O; (208)
reflections. The positions of the VO, (011) and (220) peaks
were at the same azimuthal position and separated by 60°
(Nag et al., 2011). Furthermore, three-fold symmetry of the
Al,O; (208) reflection was also observed owing to the triple

symmetry of the (0001) surface with respect to the c-axis of AL,O;
(Zhang et al., 1999; Yang et al., 2011). In addition to a two-fold
symmetry with respect to the b-axis in monoclinic VO,, six peaks
in both the VO, (011) and (220) ¢-scans were observed,
indicating an emergence of the structural twinned domain.
Upon close inspection, the individual VO, (011) peak was
found to split into two peaks, that is, a doublet, which was
caused by a f-angle mismatch between VO, and the ALO;
substrate. Moreover, the individual VO, (220) peak revealed
that each of the main peaks was surrounded by two smaller
satellite peaks with a triplet feature, which may be caused by the
V-V zig-zag chain deviating from the monoclinic ay-axis (Zhao
et al,, 2012; Fan et al.,, 2013; Yang et al,, 2018a).

Characterizing the Lattice Constants and

Mismatch Angle

To explore the SPT of VO, thin films across the MIT, we
employed in-situ variable-temperature high-resolution XRD at
the BL14B1 beamline of the SSRF. Figures 2A,B show the local 6-
20 scans of epitaxial VO, films on sapphire substrates during the
heating and cooling processes, respectively, in the temperature
range 30-90°C. Overall, the AlL,O; (0006) peak barely moved
during the entire heating and cooling processes, strongly
indicating that thermal effect during heating and cooling
process can be ignored in discussing SPT of the VO, thin
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FIGURE 3| (A) Schematic diagram of one typical domain structure pattern of the VO, (M1) epitaxial thin film on the Al,O3 (0001) interface. Local ¢ scans of the VO,

films. Whereas the VO, (020) reflection moved to a lower angle
during the heating process and back to a higher angle during the
cooling process, indicating a reversible SPT across the MIT. The
diffraction peak of VO, (020) was located at approximately
31.83° at 30°C during the heating and cooling processes. In
particular, the 20 shift of the VO, (020) reflection was more
obvious in the temperature range of approximately 60-70°C, as
indicated by the ellipse in Figures 2A,B, then reached
approximately 31.72 at 90°C, resulting in elongating of the
lattice space of the VO, (020) plane. Because the b-axis is
perpendicular to the VO, (020) plane, the plane space
directly reflects the lattice constant b (Yang et al., 2018b).
Consequently, the lattice constant b should be increased
upon heating, which is consistent with the occurrence of
SPT, as reported in previous studies (Park et al., 2013).

By combining the above structural information, we can infer
the possible structural domain configuration of the VO, thin film
on the (0001)-Al,Oj3 substrate, as shown in Figure 3A. The Al,O;
(0001) surface exhibited a hexagonal structure, and the VO, film
was epitaxially grown on it with the b-axis along the out-of-plane
direction. Therefore, the a-axis and c-axis of the VO, film
matched the (0001) plane of the Al,O; substrate. Based on

Figures 1C, 2A,B, two types of domain configurations were
derived, as shown in Figure 3A. The cy-axis was determined
along the A1,O; [21 3 0] direction, and the ay-axis had an angle
mismatch AS with respect to the vertical line, as marked in green
for easy identification. One can easily derived the other two
configurations of structural domain using triple symmetry
operation with respect to the c-axis of AlL,O; as reported in
ref. 38. The offset angle, Af, reflects the angular mismatch
between the VO, (020) and AL,O; (0001) planes (Yang et al.,
2010; Yang et al., 2015b), which can be quantitatively obtained
from ¢-scans of the VO, (011) reflections. Subsequently, we
performed in-situ temperature-variable local ¢-scans of the
nonsymmetric VO, (011) reflection, as shown in Figures 3B,C
(Chen et al., 2010). The two azimuthal angles of the VO, (011)
doublet both moved to a lower angle and clearly decreased under
the heating process in the temperature range 60-70°C, which
strongly indicates the appearance of the SPT as shown in Figures
3B,C. Herein the azimuthal angle difference of the doublet was
twice the mismatch angle AS. By measuring the angle 2Af in the
VO, (011) doublet, an important lattice parameter, § (=120° +
AP), between the a-axis and c-axis can be obtained across the MIT
(Fan et al., 2013).
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Next, we quantitatively determined the other two lattice
parameters a and c¢. The remaining two nonsymmetric
reflections, that is, the VO, (011) and (220) diffraction peaks,
were selected. 6-20 line scans were performed to obtain the
temperature-dependent reflection shift using in-house high-
resolution XRD with Cu Ka; radiation. In the XRD line scans
of the VO, (011) reflection, as shown in Figures 4A,B, when the
VO, thin film was in the low-temperature monoclinic phase
during the heating process, 20 was 27.87° with an increase in
temperature, the peak position of 26 gradually shifted to a lower
angle position. Moreover, the change was more obvious in the
temperature range 65-70°C; the peak position changed to 27.67°
at 90°C. The VO, (011) reflection shifted back during the cooling
process. It is worth mentioning that the monoclinic M2 phase
should exist near the interface at relatively lower temperature due
to the substrate constraints (Hu et al., 2010). Similarly, in the
XRD line scans of the VO, (220) crystal plane, as shown in
Figures 4C,D, the peak position of VO, (220) shifted to a higher
angle position in the heating process and back in the cooling
process. Note that, regardless of the heating or cooling process,
the peak position of the Al,O3 (116) reflection at 20 = 57.56°
remained unchanged, which is a good indicator for the SPT in
VO, thin films.

Using local 6-20 scans of the (020) peaks of VO,, the out-of-
plane lattice parameter b can be obtained using the Bragg
formula: 2bsin @ = A. Similarly, we can obtain the interplanar
spacing d ) of the VO, (011) and (220) crystal planes under in-
situ variable temperatures. The lattice parameters can then be
calculated in the notation of the monoclinic crystal structure
according to the following interplanar spacing d, formula:

1/d}yy, = (W ]a® + Ksin?B[b> + I [¢* = 2hl cos B/ (ac)} [ sin®B
1

Where f3 is the mismatch angle between the a- and c-axis in the
VO, crystal structure. This can be obtained from Figures 3B,C, as

mentioned above (Longo et al, 1970). Next, we can
simultaneously calculate the lattice parameters a and ¢ during
the heating and cooling processes.

The lattice constants g, b, and ¢, and the  angle during the
heating and cooling processes are summarized in Figure 5.
Opverall, the lattice parameters of the monoclinic VO, film at a
low temperature (~30°C) were a = 5.723 A, b=45214, ¢c=
5.393 A, and the included angle f = 122.01°. Comparing with the
bulk lattice constants a, b, and ¢ approximately 5.755, 4.525, and
5.383 A (Rakotoniaina et al., 1993), the out-of-plane strain
seems relaxed. Moreover, the tensile strain along the cy-axis
indeed establishes, which should be due to the thermal
expansion mismatch between the VO, thin film and Al,O3
subsstrate (Théry et al., 2016). However, the in-plane strain
along the ay;-axis is compressive, which may be responsible for
the volume conservation of VO, unit cell. Therefore, herein the
biaxial anisotropic strain is developed and does not seem to
affect the MIT temperature as shown Figure 1D. This case is
different from the biaxial tensile strain in Ref. 49. As increasing
temperature, the lattice parameters of the high-temperature
tetragonal VO, film were a = 5.689A, b = 45384, ¢ =
5411A, and B = 122.00°. It is mentionable that the
determination of the lattice constant in the high-temperature
rutile phase is still in the framework of the monoclinic
symmetry for better illustrating the lattice change across the
MIT, the same as the low-temperature monoclinic phase.
Interestingly, the lattice parameter ¢ in the (010)-VO,/
(0001)-Al,O5 epitaxial thin films in this study increased
during the heating process, whereas the lattice parameters a
and ¢ of bulk VO, both decreased during the transition from the
monoclinic to tetragonal phase (Rakotoniaina et al., 1993), Such
a distinct change trend could be attributed to the substrate-
induced thermal strain in the (010)-VO,/(0001)-Al,O; epitaxial
thin film (Yang et al., 2015a; Théry et al., 2016; Yang et al.,
2018a), which will be further studied in the future. Moreover, as
indicated in pale blue in Figure 5, sharp changes in the lattice
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constants 4, b, and ¢, and angle 5 were observed, indicating the
occurrence of the SPT in the heating and cooling processes
(Park et al., 2013; McGee et al.,, 2018). Combined with the
transport properties shown in Figure 1D and Supplementary
Figure S1, the emergence of SPT is a natural concomitant of the
MIT in VO,/Al,Oj; thin films (Zhang et al., 2017). In particular,
as shown in Figure 5D, a clear increase in the angle 3 was
observed during the heating process, which could be related to
the disappearance of the M2 phase in the vicinity of the MIT

(Hu et al, 2010; Pellegrino et al.,, 2012). This conjecture is
evidenced in Figures 4A,B.

Verifying SPT Using Raman Spectroscopy

To confirm the above SPT, in-situ variable temperature Raman
characterization was carried out, as shown in Figures 6A,B. First,
overall, the temperature-variable Raman spectra were reversible
in the heating and cooling processes. Additionally, there was
significant hysteresis in the temperature range of approximately
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65-70°C. Second, during the heating process, the characteristic Raman
peak at 70°C, shown in Figure 6A, disappeared, indicating SPT from
the M1 to R phase. The SPT temperature was close to the MIT
temperature. As the temperature continued to increase, the peaks in
the Raman spectrum gradually became weaker and eventually
disappeared. This corresponds to the first-order phase transition of
the crystal structure of VO, from a low-symmetry monoclinic phase
to a high-symmetry rutile phase. Conversely, as shown in Figure 6B,
during the cooling process, the peaks in the Raman spectrum
gradually recovered and finally agreed with the typical VO, Raman
spectrum of the low-temperature M1 phase. This corresponds to the
SPT of VO, thin films from a high-symmetry rutile phase to a low-
symmetry monoclinic phase (Pan et al, 2004). Moreover, we
investigated the three characteristic peaks in the Raman spectra of
the VO,/ALO; epitaxial film in detail, which were located at 194, 226,
and 616 cm™" (Marini et al., 2008; Yu et al.,, 2013; Chang et al., 2014).
These were assigned to the Ag vibrational modes associated with V-V
dimerization, which are indicated by stars in Figures 6A,B. The other
weaker Ag vibrational modes were located at approximately 145, 311,
390 and 500 cm™". The peaks reflecting the V-O Bg vibrational mode
were located at approximately 263, 342, 447 cm™" (Ji et al., 2014).
These distinct vibrational peaks indicate that the VO, epitaxial film is
essentially insulating with a monoclinic phase (M1). Moreover, the
sharp and strong intensity of the Ag mode indicates that the VO,/
Al,O; epitaxial film has a good crystal quality, which is consistent with
the above XRD characterization results.

Following this, we performed Gaussian fitting on the
corresponding characteristic peak at 194 cm™ and obtained the
relationship between the relative integral intensity of this peak and
the in-situ variable temperature, as shown in Figure 6C. The relative
integral intensities of the characteristic peaks in the other two
representative Ag modes as a function of temperature are shown
in Supplementary Figure S2 of the Supplementary Material. The
integral intensity of the characteristic Ag mode exhibited an abrupt
change in the temperature region of approximately 65-70°C in both
the heating and cooling processes, which verifies that SPT occurs
near the MIT in VO, thin films. Additionally, at high temperatures,
the relative integrated intensity of the Ag mode almost decreased to
zero, indicating that the monoclinic insulating phase no longer
existed. It is mentionable that a slight enhancement of the
relative integrated intensity as cycling back to room temperature
was probably attributed to a reduction of light absorption, owing to
decreasing pressure of the sample chamber. Moreover, at high
temperatures, the Raman spectra exhibited almost no
characteristic peaks, which is a typical feature of the tetragonal
metallic phase (Ji et al., 2014). These results strongly demonstrate
that reversible SPT occurs concomitantly across the MIT in (010)-
VO,/(0001)-Al,0; thin films from the perspective of temperature
parameter space.

CONCLUSION

In summary, we successfully grew VO, epitaxial films on Al,O;
(0001) substrates using reactive magnetron sputtering. The VO,
epitaxial thin films exhibited a clear MIT behavior in the
temperature range of approximately 65-70°C. A remarkable
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feature is the sharp change in the lattice parameters a, b, and ¢
from 5.723, 4.521, and 5.393 A at low temperatures to 5.689, 4.538,
and 5411 A, at high temperatures, respectively. Additionally, the
included angle 8 increased from 122.01° at 30°C then sharply
decreased at the MIT temperature, implying the occurrence of
SPT. By combining quantitative structure characterizations and
transport property measurements, the co-occurrence of the SPT
and MIT was experimentally observed from the perspective of
temperature parameter space in the (010)-VO,/(0001)-Al,05 thin
films, which was further confirmed by Raman spectroscopy.
Moreover, the SPT in such thin-film systems is distinct from its
bulk counterparts (for example, single-crystal, polycrystalline, or
nanostructured samples). This study provides a general strategy for
re-examining the SPT in different VO, systems.
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