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Abstract: Vanadium dioxide (VO,) has attracted extensive
attention due to the specific metal-insulator phase transi-
tion as well as the wide device applications. The practical
performance of VO,-based device strongly depends on the
quality of VO,, since the higher quality of VO, film always
shows much more pronounced phase transition behavior.
Thus, the preparation of high quality VO, film is essential
and highly desirable. In this work, we have prepared high-
quality VO, film on SiC substrate by water vapor oxidation
with graphene (G) buffer layer, which showed excellent
phase transformation properties. Compared with the VO,/
SiC sample without G buffer layer, the VO,/G/SiC films show
the resistance changes up to four-orders of magnitude
across the phase transition boundary and superior optoe-
lectronic properties, which indicates the significant role of
G layer in the film growth process. The current study not
only provides an economical and feasible method for VO,/
G/SiC thin film preparation with high quality, but also
supply some clues for the application of G-based VO,
devices in the future.
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1 Introduction

As a typical correlated oxide material, Vanadium dioxide
(VO,) has attracted great interest because of the metal-insu-
lator phase transition (MIT) near 68°C [1-3]. This specific
MIT behavior of VO, always showed sharp resistivity
change with the 4-5 orders of magnitude and pronounced
optical switching effects, which made it promising for a
wide range of applications in optical switching devices
[4,5], smart windows [6,7], memory devices [8,9], infrared
laser protection [10], supercapacitor [11] and lithium sto-
rage device [12].

It was known that the practical performance of VO,
based device strongly depends on the quality of VO,, since
the excellent single crystal VO, film always showed pro-
nounced phase transition behavior. Thus, the preparation
of high quality VO, film is essential and highly desirable.
Currently, various VO, film preparation techniques have been
developed, including the pulsed laser deposition [13,14], mole-
cular beam epitaxy (MBE) [15,16], magnetron sputtering
and other physical deposition technologies. However,
these methods often required complex parameter control
processes and expensive equipment, which seriously lim-
ited their practical applications. Direct thermal oxidation
of V film in oxygen atmosphere was a much simpler
method. However, due to the polyvalent properties of V
atoms, the oxidation of V film was not easy to be con-
trolled for pure VO, film preparation [17,18]. Thus, during
the traditional oxidation process of V film, the film was
sensitive to the gas pressure and annealing parameters,
which greatly affected the pure VO, film preparation with
high quality. Different from the usual thermal oxidation,
the wet oxidation technology was considered as a rela-
tively mild oxidation method, which was able to avoid the
peroxidation of the VO, film [19-21]. The water oxidation
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device was simple and easy to operate, which was sui-
table for the preparation of high-quality films on large
substrates, which lay a foundation for the practical appli-
cation of the device. More importantly, it was easy to
prepare high-quality VO, film with large size, which was
beneficial for the practical applications.

The growth of high-quality VO, thin film also needed to
consider the lattice match between the film and substrate.
In fact, the substrate with lattice matching and photoelec-
tric characteristics played an active role in the preparation
of high quality VO, films as well as the practical application
of the devices. It was known that graphene (G) layer had
attracted a lot of attention because of unique properties.
Normally, the G single layer was a semi-metal with Dirac
fermions (zero effective mass) as charge carriers, which
could produce extraordinary effects, such as mobility up
to 200,000 cm>V"$™? [22], ballistic distances up to one
micron at room temperature. If a phase transition VO,
film is combined with G layer, some interesting optical
and electrical properties would be integrated for some
functional device applications. In fact, the fast adaptive
thermal camouflage based on flexible VO,/G/CNT films
had been successfully fabricated [23]. The enhanced optical
response of VO, doped into G films was also observed [24].
In addition, VO, film deposited on G/Ge substrate or SiC
substrate was studied to examine the phase transition
behavior [25]. However, using G as the buffer layer to pre-
pare high-quality VO, film on SiC crystal substrate had not
been reported.

In this work, homogeneous and pure monoclinic VO,/
G/SiC film with excellent MIT performance were prepared
by wet oxidation method. The effects of annealing time and
Ar flux rate on the properties of VO, films were system-
atically investigated. The results showed that the contin-
uous VO,/G/SiC film exhibited resistance changes of nearly
four-orders of magnitude. As a mild oxidation method, the
current wet oxidation technique inhibited the peroxida-
tion process of V, thus pure VO, film was obtained. In
addition, by using the G as a buffer layer, the quality of
the VO, film was further improved, which showed more
pronounced phase transformation properties.

2 Experiment

Single crystal silicon carbide (0001) (6H-SiC) was cleaned
by RCA process [26]. The vacuum of the MBE device was
kept at 1 x 107 Pa. The SiC substrate was first heated to
300°C to eliminate impurities such as water vapor. At the
substrate temperature of 300°C, Cu atoms were deposited
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on SiC substrate in the MBE chamber and the deposition
time was 10 min. Then, the samples were annealed at
1,380°C for different times. With the assistance of Cu atoms,
the G layers were successfully prepared on SiC substrate.

The V element was deposited on G surface at room
temperature by sputtering for 30 min in the magnetron
sputtering equipment and the deposition rate was about
7 nms-min . The V/G/SiC samples were put into the water
oxidation system, and the appropriate amount of argon
(Ar) gas was introduced to oxidize the prepared metal
film at 550°C. Ar as carrier gas was controlled by a mass
flow controller and bubbles were generated after piped
into the water bath bottle. The flask was placed in a water
bath, which was heated to produce steam. The water bath
temperature and Ar flow controlled the water vapor con-
tent in the furnace. In the water oxidation system, a certain
amount of argon was introduced to oxidize the prepared
metal films. During the wet oxidation, the water flask half-
filled with deionized water was kept in the water bath at a
temperature of 79°C. The detailed schematics are described
in Figure 1 [27].

The samples were tested by Raman spectrometer (4 =
532nm), and the surface morphologies were examined by
field emission electron microscopy (SU8220, Hitachi, Japan).
X-ray photoelectron spectroscopy (XPS, AXIS SUPRA", Al Ka)
was used to analyze the chemical state of the samples. High-
resolution X-ray Diffractometer (XRD, Panalytical, the Netherlands)
was used to test the crystal structure. Step size and time per
step of the XRD measurements were 0.005° and 0.3 s, accord-
ingly. The working voltage of the XRD equipment is 40 kV
and the working current is 40 mA. In addition, the phase
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Figure 1: Schematic diagram of water vapor assisted oxidation. The tube
furnace and flow meter recorded the temperature and flow of Ar gas, Ar
and water vapor entered the tube furnace and oxidized V metal film.
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transition performance of the samples was characterized by
using a home-made four-probe test system with a variable
temperature sample stage.

3 Results

The quality of G greatly affected the crystallinity of VO,.
Under the assistance of Cu atoms pre-deposition, the G
layers were obtained on the top surface of SiC single crystal
substrate. The characterized spectra and schematic illus-
tration diagram of the G sample are shown in Figure 2.
From Figures 2(a), D, G and 2D peaks at 1,360, 1,590 [28]
and 2,730 cm™ [29,30] can be observed, respectively. The
strong G and 2D peaks proved the existence of high-quality
G. The weak D peaks indicated that the G on the SiC surface
had fewer defects and better crystal quality. Moreover, the
absence of other peaks also implied that only G existed on
the surface of SiC. The grain size (La) of G was calculated
using the following formula [31]:
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Thus, the grain size of G was estimated to be about 73 nm.

Figure 2(b) showed the XPS spectrum of the G/SiC
sample. The characteristic peak of the samples were divided
into G with binding energy of 284.4 eV, surface buffer layer
0f 284.9 eV and SiC substrate of 283.3 eV, respectively [32,33].
The peak centered at 284.4 eV was related to sp* hybridiza-
tion in the G layer. The asymmetry of the C 1s peak in
the direction of higher binding energies was a sign of
defects in sp® hybridized orbital carbon atoms, with a
broad peak at 284.9 eV [34,35]. The dominant G content
suggested that the samples underwent an adequate
annealing process, and high-quality G was prepared on the
surface of silicon carbide, which was consistent with Raman
measurements.

In order to investigate the surface morphology of G, the
G/SiC sample was characterized by SEM. It was observed
that the G film was continuous and uniformly distributed
over large areas with very few surface defects in Figure 2(c).
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Figure 2: (a) Raman spectra of the samples prepared by annealing of SiC after introduction of Cu atoms, (b) the XPS spectra C 1s of the G/SiC samples,
(c) surface morphology of the G/SiC as examined by SEM, and (d) schematic illustration of the reaction happened during the deposition. The black,
blue and brown spheres represented C, Si and Cu atoms, respectively. Reaction equation: SiC + Cu — copper silicide + C (G).
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The binding process of copper and silicon atoms promoted
the reconstruction of carbon atoms on the surface of SiC,
which improved the crystallinity of G. The schematic dia-
gram of G/SiC sample preparation is shown in Figure 2(d).
Compared with traditional annealing treatment for SiC
single crystal for G preparation, the introduced Cu atoms
on SiC surface would lead to higher quality G layer forma-
tion. This is contrary to the fact that the SiC and Cu were
combined to form copper silicide, and carbon atoms were
reconstructed on the surface of SiC [36].

It was suggested that after the Cu atoms were depos-
ited on SiC surface, the annealing time was a key factor for
G layer formation by the annealing treatment at 1,380°C. In
addition, the quality of the formed G layer further affected
the VO, film growth. Thus, by controlling the annealing
time of Cu/SiC, a series of G/SiC were obtained. And then,
metallic V layer was deposited onto these G/SiC substrate.
By using the wet oxidation method, VO,/G/SiC films were
finally prepared and analyzed by XRD tests. Figure 3(a)
shows the XRD pattern of VO,/G/SiC samples with different
annealing times. When the annealing time was 10 min,
there was no characteristic peak. However, when the
annealing time reached 60 min, the sample had a strong
characteristic peak at 260 = 39.89°, indicating that the pre-
ferred orientation of the sample was (020) plane (JCPDS
card #82-0661) [5,37,38]. The resistance measurements as
the function of temperature (R-T curve) for the VO,/G/SiC
samples are shown in Figure 3(b). It was clear that the
phase transition curve of the samples with annealing
time of 10 and 90 min were relatively smooth, which
showed the resistance change of only one. However, the
sample with the annealing time of 60 min showed the
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resistance change of 3—-4 orders of magnitude during the
phase transition process. These results were in good agree-
ment with the XRD measurement, which indicated that the
annealing treatment with 60 min was more suitable for the
VO,/G/SiC sample preparation. In this case, the G layer
played a great role in promoting the property of VO,
film. Meanwhile, the results showed that the water oxida-
tion technology could be used to prepare VO, film with
excellent electrical properties on the G/SiC substrate.

The Ar flux also affected the water vapor oxidation
effect and regulated the quality of VO,. Figure 4(a) shows
the Raman spectra of the VO,/G/SiC samples at different Ar
flux rates. All samples showed peaks of different intensities
at 138, 193, 224, 258, 307, 337, 387, 440, 497 and 612cm ",
which were quite consistent with the characteristic peaks
of monoclinic VO,(M-VO,) [39-41]. The crystal structures were
characterized by XRD with the 6-20 scan mode and the
results were demonstrated in Figure 4(b). It was observed
that the unique peak around 20 = 39.9° was assigned to the
diffraction from monoclinic VO, (020) (JCPDS card #82-0661).
This indicated that 0.6 L'min ™" was the best Ar flow condition
for the preparation of VO,/G/SiC sample. It was worth noting
that all samples had strong characteristic peaks at 20 = 37°,
which was speculated to generate other vanadium oxides.

The chemical state of the obtained VO,/G/SiC film with
the Ar flow rate of 0.6 L-min™" were examined by XPS in
Figure 4(c). The detailed XPS curve-fittings are shown in
Figure 4(d) and (e). The O 1s peak at 530 eV mainly origi-
nated from the O-V bond and the O 1s peak at 531.5eV
should be attributed to the —OH adsorbed on the surface.
Similarly, V 2p;, had a peak binding energy of 516.1 eV and
517.3eV [42]. The appearance of V** peak at 516eV
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30 40 50 60 70

Temperature (°C)

Figure 3: (a) The XRD pattern of the different annealing times of Cu/SiC substrate, (b) R-T curve measurements for the prepared VO,/G/SiC film by

water vapor assisted oxidation at different annealing times.
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Figure 4: (a) Raman spectrum, (b) XRD pattern of the prepared VO,/G/SiC samples at different Ar flow (unit: L'min™"), (c) XPS spectrum, (d) and (e)
show the curve-fittings of O 1s and V 2p peaks for the VO,/G/SiC films at Ar flow rate of 0.6 L'min~" by water vapor assisted oxidation.

indicated the formation of VO, on the substrate surface [43],
while the presence of a higher binding energy of 517.3 eV
indicated that the sample contained a small amount of V°*
This may be due to a slight surface oxidation of the sample
when exposed to air. From the above characterizations, it
was clear that the obtained VO,/G/SiC film produced by
water vapor oxidation at the Ar flow rate of 0.6 L'min™
showed the pure monoclinic phase structure and excellent
stoichiometry.

The surface morphology of the samples was character-
ized by SEM and is shown in Figure 5(a—d). When the Ar
flow rate was 0.4 L-min?, the grain size of the sample sur-
face was small and the particle size was varied. When the
Ar flow rate increased to 0.5 L-min”?, the surface particles
were randomly distributed in island shape and the film
continuity was discontinuous and a few holes appeared.
When the Ar flow rate increased to 0.6 L-min~%, the conti-
nuity of the sample was improved and no holes existed. For
the sample fabrication at the Ar flow rate of 0.7 L-min”%, the
grain size started to decrease again. The experimental
results demonstrated that the optimal argon oxide flow

of the VO,/G/6H-SiC film was 0.6 L-min ", which was con-
sistent with the results obtained by XPS and Raman tests.
Figure 5(e) shows a cross-section image of the sample and
the distribution of each element. The cross-section image
mainly contains three colors corresponding to the three-
layer structure of the sample. This diagram served as proof
of the existence of the VO,/G/6H-SiC film.

In order to further study the electrical properties of
the samples, a four-probe variable temperature resistance
tester was used to measure the resistance-temperature
curves (R-T) of the films. Figure 6(a) shows the R-T curves
of the VO,/G/SiC films at different Ar flow rates. When the Ar
flow rate was 0.4, 0.5 and 0.7 L-min~", the resistivity changes
were only two- or three-orders of magnitude. For the sample
fabricated at the argon flow rate of 0.6 L-min”, the resis-
tivity changes were nearly four-orders of magnitude. When
the argon flow rate increased from 0.4 to 0.6 L-min?}, the
R-T curve became sharper and the resistance ratio between
the insulating metal phases increased during the MIT pro-
cess. Accordingly, the change in R-T curve further deter-
mined that 0.6 L'min™" should be the optimal argon flow
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Figure 5: (a)-(d) SEM images of the VO,/G/SiC film prepared by wet oxidation at a flow rate of 0.4, 0.5, 0.6 and 0.7 L'min™, respectively. (e) The
sectional image of the VO,/G/SiC film fabricated by water vapor assisted method at a flow rate of 0.6 L'min~".



DE GRUYTER

IOJ L

Resistance (Q)

10° £

I 0] 1 1 " 1 1 1 1
40 50 60 70

Temperature (°C)

Preparation of VO,/graphene/SiC film by water vapor oxidation

—_ 7

0.2
(b)
0.0 [‘O"’“‘N ‘
o —().6 L/min
2021
-4
g
-1
-04
-0.6 -
1 1 " 1 1 1
40 50 60 70 80 90

Temperature (°C)

Figure 6: (a) The R-T curve for the VO,/G/SiC film prepared by wet oxidation at different Ar flow rates (unit: L'min”") and (b) related differential curves

for the optimized VO,/G/SiC film at a flow rate of 0.6 L'min”".

for wet oxidation. The results showed that VO, film pre-
pared by wet oxidation had good electrical properties, and
the resistance variation reached nearly four-orders of magni-
tude after optimization. As a buffer layer, high-quality G had
excellent optical and electrical properties, which further
improved the electrical properties of VO, and also extended
the application range of devices. The related differential
curve for the optimized VO,/G/SiC film at the flow rate of
0.6 L'min™" is shown in Figure 5(b). Critical transition tem-
peratures (Tyea and Teoop) are defined as the corresponding
peak positions of the Gaussian fitted d(log(R))/dT curve
during heating and cooling, respectively. Phase transition
temperature is defined as Tyt = (Theat + Teoo)/2- The critical

temperatures were determined as 62.0°C for the cooling
process and 70.8°C for the heating process, which were quite
consistent with the previous reports by other deposition
techniques [19,44,45]. The thermally induced width (Thea: —
T.o0p Of the sample was 8.8°C and the phase transition tem-
perature was 66.4°C.

To investigate the effect of G on the preparation of VO,,
the R-T curves of VO,/6H-SiC and VO,/G/6H-SiC films are
shown in Figure 7. It can be seen that under the same
experimental conditions, the resistivity change of VO,/G/
SiC film was close to four-orders of magnitude and the
phase transition temperature was closer to that of VO,
[46-50], while the resistivity change of VO,/SiC film was

10
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——— VO2/G/6H-SiC
105 L
S 10'F
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2 10°F
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Figure 7: (a) After optimization, R-T results of VO,/G/SiC and VO,/SiC thin films under the same experimental conditions and (b) the optical photo of
the sample obtained under optimal synthesis conditions (the annealing time of SiC was 60 min and the Ar gas flow rate was 0.6 L'min™").
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only close to three-orders of magnitude. This indicated that
doped G increased the resistivity of VO,/SiC film and improved
the quality of VO, after optimization. The optical photo of the
sample obtained under optimal synthesis conditions (60 min,
0.6 L:'min™") is shown in Figure 7(b). Although the film has not
been prepared on large-size substrate in this study, some
research groups have prepared high-quality VO, on large-
size Si wafers by wet oxidation method, indicating that the
film can be prepared on large-size substrate by this method.
Based on this fact, our group attempted to prepare VO, films
on G/SiC substrate, which paved the way for large size SiC
substrate related applications.

4 Conclusion

In conclusion, high quality VO,/G/SiC films were success-
fully prepared by moderate water oxidation technique.
The experimental results showed that the G-based VO,
films with resistance variation of nearly four-orders of
magnitude exhibited excellent electrical properties and
crystallinity. In the water oxidation method, water vapor
as a moderate oxidant was used to effectively oxidize the
metal V precursor film into a pure M-VO, film. Graphene,
as a buffer layer, had excellent photoelectric properties,
which further improved the electrical properties of VO,
and broadened the application range of related devices.
This work provided a facile and modest method for the
preparation of VO, films, which was of practical signifi-
cance for the further application of G-based VO, devices
in the future.
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