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VO,(M) is of special interest as the material with the most potential for future application in smart windows

and switching devices. However, a number of drawbacks need to be overcome, including the high

processing temperature of current synthesis techniques and low thermochromic properties. This work

reports the fabrication of high-performance thermochromic VO, thin films at low temperatures below

400 °C based on a low-pressure chemical vapor deposition (LPCVD) with a vanadium(i) acetylacetonate

precursor. Proper tuning of the process parameters is found to be critical in fabricating thickness-
controllable highly-crystalline VO, films. For an ~62 nm thick VO, film, visible transmittances of 52.3%
(annealed at 400 °C) and 52.7% (annealed at 350 °C) were obtained. The corresponding solar energy
modification abilities (AT,) were 9.7% and 7.1%, and the transition temperatures were 45.1 °C and

50.9 °C. The underlying microscopic mechanism was studied by first-principles calculations and the
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results indicated that improved performances, including a low transition temperature, could be achieved

by properly controlling the annealing temperature, ascribed to the combined effect of strain and oxygen
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rsc.li/rsc-advances

1. Introduction

Vanadium dioxide (VO,), a kind of thermochromic material,
exhibits a strong reversible thermal-induced metal-insulator
phase transition (MIPT) at 68 °C,*”* which is accompanied by
a dramatic change in its optical properties.” Based on the
unique characteristics of VO,, thermochromic VO, thin films
can be used in smart windows®” and switching devices.®®
Various methods have been reported regarding the growth of
VO, thin films, such as sputtering,'®"* pulsed laser deposition,"
solution-based processing®™** and chemical vapor deposi-
tion.>**>* Because of its high deposition rate, low-cost, large
area growth and simplicity of doping, chemical vapor deposi-
tion (CVD) is a widely available and attractive method for the
deposition of thin films. By altering parameters such as the
deposition temperature, time, precursor species, vapor
composition and flow rates, this method is capable of achieving
a high degree of control over the morphology, crystallinity and
properties of the VO, thin films, hence obtaining highly crys-
tallized, tough, and durable layers. The precursor species that
have been utilized chiefly include VOCI;,**® VCl,,>**?* vana-
dium(iv) acetylacetonate (VO(acac),),*** and vanadium(m)
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vacancies. Moreover, the initial use of a pre-grown seed layer induced fast grain growth, which is
favorable for further decreasing the deposition and annealing temperature to 325 °C.

acetylacetonate (V(acac);).**** These studies came to the
conclusion that a high temperature advanced the growth of
oxygen-deficient phases, and that the formation temperature of
monoclinic VO, should be kept above 450 °C (even up to 600
°C).>1%19292> However, as a prospective material for smart
windows and switching devices, a high deposition temperature
apparently limits the application of VO, on the large arrays of
integrated silicon circuits, and limits the choice of substrates to
rigid ones. Therefore, research into low-temperature prepara-
tion processes is imperative.”***

In this paper, pure monoclinic VO, thin films were fabricated
from directly available solid vanadium(u) acetylacetonate at 350
450 °C on quartz and silicon substrates by low-pressure chemical
vapor deposition (LPCVD), using a multi-zone heating furnace.
The as-prepared VO, thin films exhibited relatively high crystal-
linity, porous morphology and excellent thermochromic perfor-
mance, which will further prompt the practical application of
VO,-based materials for smart windows. In addition, the
combined nucleation/growth film deposition process was divided
into two separate steps in our work; the seed layer produced in
the first step could obstruct the further nucleation of new grains
and promote the fast growth of existing grains during the second
step,”® and the deposition and annealing temperature was effec-
tively decreased to 325 °C. The feasibility of this method provides
a new strategy for further reducing the deposition and annealing
temperature simultaneously.

This journal is © The Royal Society of Chemistry 2017


http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra25071h&domain=pdf&date_stamp=2017-02-08
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25071h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007018

Open Access Article. Published on 09 February 2017. Downloaded on 11/10/2025 4:08:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

2. Experimental section

Vanadium(m) acetylacetonate (Sinopharm Chemical Reagent
Co., Ltd, 97%) was employed as a precursor. The film fabrica-
tion included a CVD process and a post-annealing process, and
therefore involved a deposition temperature and an annealing
temperature. The deposition and annealing processes were
carried out in a split vacuum/atmosphere tube furnace, which
consists of a temperature controller, a reaction chamber,
a vacuum & pressure controller and a gas flow controller. All of
the experiments were performed in a high-purity argon
(99.99%) atmosphere. Prior to deposition, the glass and silicon
substrates were cleaned using deionized water, ammonia,
hydrogen peroxide, acetone, and ethanol, and then blow-dried
in air before use.

A schematic representation of the LPCVD in a three-zone
furnace and the CVD reaction process is shown in Fig. 1. The
vanadium(m) acetylacetonate precursor was placed in a low
temperature zone (blue areas situated at the left of the tube in
Fig. 1) and the temperature was set at 150 °C. Meanwhile, the
substrates were put into a high temperature zone (red areas
situated at the right of the tube in Fig. 1) and the substrate
temperature (deposition temperature) was set at 350 °C. The
deposition time ranged from 30 to 120 min. Then the as-
deposited samples were annealed at 300-450 °C for 2 h. A
flow of argon was passed through the tube during the whole
deposition and annealing process. The samples were removed
from the furnace below 50 °C and stored in air.

In the two-step process, a thin seed layer was formed on the
substrate in the first step at 300 °C for 2 h, followed by growth of
an overlayer in the second step at 325 °C for 5.5 h. Then the
samples were annealed at 325 °C for 8 h. For comparison,
samples were also prepared using a one-step deposition at
325 °C for 6 h, and then treated under identical annealing
conditions.

The crystallization and phase structures of the thin films
were characterized by X-ray diffraction measurements (XRD,

Quartz tube

Fig. 1 A schematic representation of LPCVD in a three-zone furnace
and the CVD reaction process.
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Model D/Max 2200 V, Rigaku). The morphology and the thick-
ness of the films were measured using a scanning electron
microscope (SEM, S4800, Hitachi), an atomic force microscope
(AFM, Asylum Research), and a profilometer (Dektak 150,
Veeco). X-ray photoelectron spectroscopy (XPS) experiments
were carried out on an ESCA 2000 system (VG Microtech: UK)
with twin anode Al Ko (1486.6 eV)/Mg Ko (1253.6 eV) X-ray
sources to characterize the valence state of the elements and
the stoichiometric change in the thin films. A Raman Renishaw
RM3000 spectrometer was used to analyze the chemical
bonding between the various elements and compounds. The
optical transmittance characteristics were monitored on
a Hitachi UH4150 UV-visible-near-IR spectrophotometer
equipped with a controllable heating unit in the wavelength
range of 300-2600 nm. The temperature between 20 °C and
90 °C was measured using a thermocouple in contact with the
films, and was controlled using a temperature-control unit.

3. Results and discussion
3.1 Effect of the deposition time

The film thickness is a key factor that affects the optical prop-
erties of the VO, films. Consequently, the thickness was
controlled and the optical properties were tuned by regulating
the deposition time of the VO, films in our work. Fig. 2 shows
the Raman spectra, X-ray diffraction (XRD) patterns and SEM
photographs of the films that were deposited at 350 °C for
different deposition time, and then annealed at 350 °C for 2 h.
In Fig. 2(a), the Raman modes centered at 193, 224 and 615
cm™ " are in agreement with the reported data of VO,(M). No
other impurities, such as carbon contamination with Raman
shifts at around 1360 and 1591 cm™*,?® are found. In addition,
no changes in the phase composition occurred from 30 min to
120 min. The X-ray diffraction patterns of the films (Fig. 2(d))
can be readily indexed to VO,(M) (JCPDS card no. 43-1051), with
peaks representing the (011) reflections, which is consistent
with the Raman results. The thicknesses of the films are
~31 nm (30 min), ~53 nm (60 min), ~62 nm (90 min) and
~67 nm (120 min). The SEM photographs show that the four
different films, with high surface coverage, consist of
nanometer-sized, well-distributed particles. As the deposition
time is prolonged from 30 to 90 min, as shown in Fig. 2(b), (c)
and (e), the particle size increases indistinctly, and the mean
diameter is around 15 nm. From 90 to 120 min, there is evident
growth in the particle size (Fig. 2(e) and (f)). Furthermore, many
nanosized defined pores appear in the films. This porous
microstructure is favorable for improvement of the thermo-
chromic optical properties of the VO, films,"*” which will be
discussed in the next section.

Extremely obvious transmittance differences were observed
at 20 and 90 °C in Fig. 3(a). Table 1 contains the optical
performance parameters of the films that were deposited at
350 °C for different deposition time, and then annealed at
350 °C for 2 h. Generally speaking, the luminous transmittance
(Tum) decreases and the solar energy modification ability (AT,)
rises as the thickness increases. There is a mutual restraint
relationship between Tj,, and ATg,. On the basis of the
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Fig. 2 Raman spectra (a), X-ray diffraction (XRD) patterns (d) and SEM photographs of the films that were deposited at 350 °C for different
deposition time, (b) 30 min, (c) 60 min, (e) 90 min, and (f) 120 min, and then annealed at 350 °C for 2 h.

practical application requirements of smart windows, the
optimum Ty, is about or above 50%, while the AT, value
should be as large as possible. The optical properties of the
VO,(M) thin films that were deposited at 350 °C for 90 min and
then annealed at 350 °C for 2 h are prominent (AT, = 7.1% and
Tium = 52.7%.). Further extending the deposition time will
substantially impair T},,,. Therefore, the conditions of depos-
iting for 90 min at 350 °C and then annealing at 350 °C for 2 h
are suitable for preparing high-performance thermochromic
VO,(M) thin films.

The hysteresis loops of the films that were deposited at 350 °C
for different deposition time and then annealed at 350 °C for 2 h
can be seen in Fig. 3(b), and were obtained by measuring the
transmittance alteration at 2000 nm with continuous heating
(solid lines) and cooling (dashed lines). Through the hysteresis
loops, the MIPT temperatures were calculated. The correspon-
dence between the deposition time and the MIPT temperature is
listed in the top right corner of Fig. 3(b). The MIPT temperature,
another vital thermochromic performance parameter, decreases
as the thickness increases within a certain range, with the
observed values being 56.0 °C (30 min), 52.2 °C (60 min), 50.9 °C
(90 min) and 48.5 °C (120 min). There are many factors that can

bring about an MIPT temperature below 68 °C, including oxygen
vacancies, which can enhance the electron concentration and
thus decrease the MIPT temperature. The O1s XPS spectrum of
the VO, thin film that was deposited at 350 °C for 90 min and
then annealed at 350 °C for 2 h in Fig. 3(c) shows that several
kinds of binding states coexist in the film. One of the peaks at
531 eV (530.7 eV,*® 531.6 €V (ref. 29)) may be related to oxygen
vacancies. Based on first principles calculations, our recent
simulation results®* showed that the MIPT temperature steeply
declines as a result of the formation of oxygen vacancies in films.
Hence the decrease of the MIPT temperature of our CVD-
prepared films compared with pure VO,(M) most likely origi-
nates from the existence of oxygen vacancies in the films.

3.2 Effect of the annealing temperature

From the above results, it can be found that high-performance
thermochromic VO,(M) thin films that were deposited at 350 °C
for 90 min and then annealed at 350 °C for 2 h could be ach-
ieved. However, the annealing temperature has a great impact
on the crystallinity and optical properties of the VO, films. The
XRD patterns, Rietveld refinement fitting results®*® acquired
using the Software Program TOPAS 4.1 and Raman spectra of
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Fig.3 Transmittance spectra in the wavelength range of 300-2600 nm (a) and the hysteresis loops (b) of the films that were deposited at 350 °C
for different deposition time of 30 min, 60 min, 90 min, and 120 min, and then annealed at 350 °C for 2 h; Ol1s XPS spectra (c) of the VO, thin film
that was deposited at 350 °C for 90 min and then annealed at 350 °C for 2 h.
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Table 1 Optical performances of the films that were deposited at 350 °C for different deposition time and then annealed at 350 °C for 2 h

Luminous transmittance,

Solar transmittance,

Tlum (OA)) Tsol (O/O)
Deposition time Solar energy modification
(min) 20 °C 90 °C 20 °C 90 °C ability, ATy (%)
30 70.9 71.5 72.8 69.4 3.3
60 52.8 55.3 57.8 52.6 5.3
90 52.7 53.9 56.6 49.6 7.1
120 48.7 49.8 52.5 45.7 6.9

the films that were deposited at 350 °C for 90 min and then
annealed at different temperatures for 2 h are shown in Fig. 4(a-
c), respectively. It can be seen from Fig. 4(a) and (c) that weak
Raman peaks at 194 and 224 cm™' and shifts for carbon
(between 1200 and 1600 cm ') exist within the film that was
annealed at 300 °C, but there is no diffraction peak in the XRD
diagram. Therefore, annealing the films at 300 °C or below is
not conducive to crystallization. When the annealing tempera-
ture was above 350 °C, the shifts for carbon disappeared, and
evident diffraction peaks and Raman modes basically centered
at 143 (143 (ref. 5)), 194 (192,° 195 (ref. 31)), 224 (223,% 222 (ref.
31)), 259 (261 (ref. 5)), 389 (390 (ref. 5)), and 615 cm™* (612, 622
(ref. 31)) corresponding to VO,(M) are observed. Accordingly, in
order to avoid the influences of other phases (e.g., carbon) and
thus obtain pure VO, films, the annealing temperature should
be higher than 350 °C. Moreover, an increase in the peak
intensity means an improvement in the crystallinity of the VO,
films as the annealing temperature increases. Therefore,
a suitable annealing temperature is critical to obtain high-
crystallinity pure VO,(M) films.

mk ) b < (a) observed pattern
=. Si — (b) difference pattern
I voy,mo11) + (c) best fit profile
w 450°C I (d) reflection positiong
&
% a—— 400C - A asoc
& ot 375C =] & o 0.0
[ A 350C © 7 S >
€ M 300°C ~| vo,mnki |
10 15 20 25 30 35 40 45 50 55 60.= g A
2 Theta (Degree) 2p———1— 1
[] 400C
—_ - o
. ] 2%
3 =] vo,mnk’ !
“ 1 " 1
N
= )
o 350C
- < % —
[= silicon substrat VO, (M).hki \I I \
-— 1 " 2 "
200 600 1000 1400 1800 26 28 30 32

Raman shift (cm-) 2 Theta (Degree)

Fig. 4 X-ray diffraction patterns (a), Rietveld refinement fitting results
of the films that were deposited at 350 °C for 90 min and then
annealed at different temperatures for 2 h, showing the observed
patterns (red diamonds), the best fit profiles (black solid line), the
reflection markers corresponding to VO,(M) (red vertical bars) and the
difference plot at the bottom (blue crosses) (b), and the Raman spectra
(c) of the films that were deposited at 350 °C for 90 min and then
annealed at different temperatures for 2 h.

This journal is © The Royal Society of Chemistry 2017

XPS measurement of the film that was deposited at 350 °C for
90 min and annealed at 400 °C for 2 h was performed to clarify
the detailed composition and to gain an insight into the
oxidation states of the ions present. The wide range survey
spectrum suggests the presence of vanadium, oxygen, and
carbon, as shown in Fig. 5(a). The V2p core-level spectrum is
composed of V2p3/2 and V2p1/2, which is attributed to the
spin-orbit splitting of the components. The peaks at binding
energies of 516.4 eV (reported values: 515.7-516.2,>** 516.4
(ref. 28)) and 517.4 eV (reported values: 517.2,%* 517.4 (ref. 28))
can be assigned to two different vanadium valence states, V**
and V', respectively (Fig. 5(b)). A trace amount of V°* is detec-
ted mostly on account of surface oxidization, either during the
annealing process or during storage in air.>* The O1s spectrum
can be deconvoluted into three peaks. One of the peaks at the
binding energy of 529.8 eV (530.0 eV (ref. 35)) corresponds to
oxygen bound to vanadium, while the peak at 531 eV is related
to oxygen vacancies. Compared with Fig. 3(c), it is found that as
the oxygen vacancy concentration in VO, increases, the T,
decreases sharply, which has also been proved in our previous
study from first principles calculations.*® The peak at 532.7 eV
(532.6 eV (ref. 16)) is assigned to residual contamination of
carbon-containing species or is due to OH (532.2 eV (ref. 37))
(Fig. 5(b)). The residual carbon contamination in the film is
mainly due to the incomplete oxidation of the carbon element
in the V(acac); precursor.

The surface morphology and microstructure were charac-
terized by SEM and AFM, respectively. The top-view SEM and
AFM images of the film that was annealed at 400 °C in Fig. 5(e)
and (d) reveal that the film is homogeneous and consists of
interconnected particles and irregular nanopores. The sizes of
the particles are no larger than 100 nm. The grain sizes of the
film are below the wavelength of visible and infrared light,
which together with the porosity is beneficial for improving the
optical quality."™*” Fig. 5(c) is the AFM photograph of the film
that was annealed at 350 °C. The root-mean-square (rms)
roughness values of the two films are 31.87 (400 °C) and 6.31 nm
(350 °C). The film with a rougher surface obtained by annealing
at 400 °C showed better crystallinity than the film annealed at
350 °C.

As seen in Fig. 6(a), there is almost no transmittance
difference for the film that was annealed at 300 °C (black lines
in Fig. 6(a), the solid and dashed lines are for the films that were
measured at 20 °C and 90 °C, respectively). However, extremely
remarkable transmittance differences were observed for the

RSC Adv., 2017, 7, 10798-10805 | 10801


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25071h

Open Access Article. Published on 09 February 2017. Downloaded on 11/10/2025 4:08:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Intensity {a.u.)

b 529.8-~

Intensity (a.u.)

V2p1i2

’
V2p3i2

0 200 400 600 800 1000 1200
Binding Energy {eV)

515 520 526 530 535

Binding Energy (eV)

Fig. 5 XPS spectra of the VO,(M) thin film that was deposited at 350 °C for 90 min and then annealed at 400 °C for 2 h: (a) survey spectrum
showing V2p, V3p, Ols and Cls emanating from the sample, and (b) V2p and Ols; AFM images of the VO,(M) films that were deposited at 350 °C
for 90 min and then annealed at 350 °C (c) or 400 °C (d), and SEM image of the VO,(M) film that was deposited at 350 °C for 90 min and then

annealed at 400 °C (e).

films that were annealed at 350-450 °C in the short-wave-near-
infrared (780-2600 nm) region, which also indicates the
generation of VO,(M). The optical performance parameters of
the films that were annealed at different temperatures are listed
in Table 2. A ATy, of 9.7% and a Ty, of 52.3% (20 °C) were
achieved for the VO,(M) film that was annealed at 400 °C. These
excellent thermochromic properties are comparable to the re-
ported values for single layer VO, films. Reported data shows
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Fig. 6 Transmittance spectra in the wavelength range of 300-
2600 nm (a) and the hysteresis loops (b) of the films that were
deposited at 350 °C for 90 min and then annealed at different
temperatures for 2 h. The variation in the lattice parameters (c axis) and
¢ of the VO,(M) films associated with the annealing temperature (c),
and the reduction in the MIPT temperature (AT) as a function of strain
in the VO, thin films without and with oxygen vacancies (d).
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that for single layer VO, films, the AT, is only 7.1% at Tyym =
50%, and increasing the film thickness could improve AT, to
9.9%, but Tj,m dropped to 12.5%.%°

Fig. 6(b) exhibits the hysteresis loops of the films that were
annealed at different temperatures, which were obtained by
measuring the transmittance alteration at 2000 nm with
continuous heating (solid lines) and cooling (dashed lines). The
correspondence between the annealing temperatures and the
MIPT temperatures is listed in the top right corner of Fig. 6(b).
The MIPT temperatures are 50.9 °C (350 °C), 48.0 °C (375 °C),
45.1°C (400 °C) and 49.8 °C (450 °C). The hysteresis loop widths
are 12.3 °C (350 °C) and 9.5 °C (400 °C). Compared with the
typical MIPT temperature (68 °C) and hysteresis loop width
(25.7 °C (ref. 13)) of VO,(M) films, the MIPT temperatures of the
above films are lower and get increasingly closer to room
temperature, particularly the minimum value of 45.1 °C (400
°C), which is crucial for application of this material in smart
windows. Apart from this, the hysteresis loop widths are plainly
narrowed. These results may be related to the nanoscale grain
size, which contributes to reducing the MIPT temperature and
narrowing the hysteresis loops (a grain size of 3.2 nm corre-
sponds to a hysteresis width of 19.5 °C (ref. 38)). Meanwhile, the
MIPT temperature firstly falls and then rises as the annealing
temperature is increased, and this trend is probably due to the
combined effect of strain and oxygen vacancies.

Fig. 6(c) shows the variation of the c axis of the VO,(M) films
with increasing annealing temperature, with the lattice
parameters acquired from the fitting results in Fig. 4(b). Here,
the strain can be defined as ¢ = (¢ — ¢,)/c,, where ¢, (¢, = 5.375 A)
and c are the supercell lengths along the ¢ axis under equilib-
rium conditions and strain, respectively. The solid stars

This journal is © The Royal Society of Chemistry 2017
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Table 2 Optical performances of the films that were deposited at 350 °C for 90 min and then annealed at different temperatures for 2 h

Luminous transmittance,

Solar transmittance,

Tium (0/0) Tso1 (0/0)
Annealing temperature Solar energy modification
€9} 20 °C 90 °C 20 °C 90 °C ability, AT (%)
350 52.7 53.9 56.6 49.6 7.1
375 52.6 52.1 58.0 49.5 8.5
400 52.3 50.9 58.6 48.8 9.7
450 49.6 51.2 59.3 50.9 8.5

correspond to the left y-axis and the hollow stars refer to the
right y-axis. The strain values are 3.1% (350 °C), 2.3% (375 °C),
0.3% (400 °C) and —0.3% (450 °C). ¢ > 0 signifies tension, while
the opposite indicates compression. It can be observed in
Fig. 6(c) that the tension gradually decreases and becomes
compressive strain with the increase of annealing temperature.

First principles calculations were performed in a supercell
with a 2 x 2 x 2 primitive unit cell for VO,(M) consisting of
96 atoms (excluding oxygen vacancies). The ratio between the
oxygen vacancies and oxygen atoms in the supercell is about
1.56%, which has been discussed in our previous study.*®
The MIPT temperature (T.) can be quantitatively calculated

via*®

T, = TC_OAA—IZ) ()
where T¢ o is the MIPT temperature of pure VO,, and the value
of 340 K was adopted from ref. 3. AH and AH, are the enthalpy
changes associated with the phase transition for VO,_, and
VO,, respectively. In addition, strain will be applied to the
sample by fixing the lattice parameters a and b, and scaling the
lattice parameter c. The reduction of MIPT temperature (T.) as
a function of strain in VO, without and with oxygen vacancies
is shown in Fig. 6(d). In accordance with Fig. 6(d), compres-
sion can modify the MIPT temperature, which can be
explained in two ways: (i) the compressive strain can shorten
the V-V distance (i.e. the V atoms dimerize), which induces an
increase in the d band width and stabilizes rutile VO,; (ii) the
existence of oxygen vacancies will increase the concentration
of electrons, which shifts up the Fermi level, and hence T. is
decreased when the tension decreases and transits to
compression. The shifts in the MIPT temperatures of the films
that were annealed at 350-400 °C comply with this rule.
However, the MIPT temperature of the film that was annealed
at 450 °C was higher. This result is mainly derived from the
fact that the grain size becomes larger at high temperature, so
most of the grain boundaries disappear and there are fewer
defects (oxygen vacancies). The shortage of oxygen vacancies is
harmful to the reduction of the MIPT temperature. The
VO,(M) thin films that were deposited at 350 °C for 90 min and
annealed at 400 °C display superb thermochromic properties,
which are suitable for smart window applications. Although
the crystallization and properties of the VO,(M) thin films that
were annealed at 350 °C are comparatively poorer, their low
temperature fabrication makes them reasonably attractive for
practical applications.

This journal is © The Royal Society of Chemistry 2017

3.3 Two-step growth process

To further reduce the deposition and annealing temperature,
a novel two-step growth process was employed in our experi-
ment. Raman spectra (a), X-ray diffraction patterns (inset in (a))
and transmittance spectra (b) of the films that were prepared
concurrently by one-step deposition (black lines) and two-step
deposition (red lines) can be seen in Fig. 7. The results in
Fig. 7(a) show no distinctive Raman and XRD diffraction peaks
for the thin film that was prepared by one-step deposition, even
upon extending the deposition and annealing time while
further dropping the temperature to 325 °C. The transmittance—
wavelength curves at high and low temperatures reveal that
there is almost no phase transition. On the contrary, the film
that was fabricated using a two-step deposition process showed
distinguishable diffraction and Raman peaks, although the
crystallinity remains poor. There is also a more evident trans-
mittance difference at 20 and 90 °C for the film that was
prepared by two-step deposition (red line in Fig. 7(b)). A large
number of crystal nuclei form in the seed layer during the first
deposition step, which can be regarded as the seeds of the
overlayer. The overlayer then grows rapidly along the direction
of the crystal lattice of the seed layer directly without nucleation
during the annealing process. Therefore, the assistance of the
seed layer can allow crystallized VO, thin films to be obtained
even if the deposition and annealing temperature is as low as
325 °C.

Fig. 7(c) and (d) show SEM images of the films that were
prepared by one-step deposition (without a seed layer) and two-
step deposition (with a seed layer), respectively. By comparing
the two images, it can be seen that the grain sizes of the film
that was prepared without a seed layer are uneven and signifi-
cant clustering can be observed. On the contrary, the grain sizes
of the film that was prepared with a seed layer are fine, and
uniform particles with no distinct clustering can be seen. The
latter result may be attributed to the competition effect among
the adjacent crystal nuclei, which restricts the space for growth
during the annealing process. Nevertheless, only a small
number of crystal nuclei initially form in the film that was
prepared without a seed layer, which can grow into large grains,
whereas the new crystal nuclei are subsequently limited to
growing in the interspaces between the large grains. Thus, the
newly formed grains are small, and have a large specific surface
area that makes them prone to adsorbing onto the large grains
resulting in clusters. The root-mean-square (rms) roughness
values of the films are 2.50, 4.43 nm and 0.40 nm (from the AFM

RSC Adv., 2017, 7, 10798-10805 | 10803
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Fig. 7 Raman spectra (a) and X-ray diffraction patterns (inset in (a)), and transmittance spectra in the wavelength range of 300-2600 nm (b) of
the films that were prepared by one-step deposition (black lines) and two-step deposition (red lines) on a glass substrate; SEM and AFM images of
the films that were prepared by one-step deposition (c and e) and two-step deposition (d and f), respectively; the thin seed layer that was formed

at 300 °C for 2 h (g).

images seen in Fig. 7(e), (f) and (g) for the films that were
prepared by one-step deposition (without a seed layer), two-step
deposition (with a seed layer) and the seed layer, respectively).
Thus the film with a seed layer is a better-crystallized VO, film
with a rougher surface than that without a seed layer.

4. Conclusions

In this paper, monoclinic VO, thin films have been successfully
prepared using a vanadium(m) acetylacetonate precursor at
350-450 °C, and subsequently at a lower temperature of 325 °C
by low-pressure chemical vapor deposition (LPCVD). The
process parameters, such as deposition time and annealing
temperature, are critical to obtain thickness-controllable
nanoporous high-performance VO,(M) thin films. The VO,(M)
thin films that were annealed at 400 °C display outstanding
thermochromic properties, which are suitable for smart window
applications. Although the properties of the VO,(M) thin films
that were annealed at 350 °C are comparatively poorer, their low
temperature fabrication gives them fairly strong practical value.
The underlying causes of the noticeable decrease in MIPT
temperature for our CVD-prepared films compared with pure
VO,(M) films, and the connection between the annealing
temperature and the MIPT temperature were studied using first
principles calculations. The results indicated that the annealing
temperature and the strain in the films are directly related,
while the combined effect of strain and oxygen vacancies
together determine the MIPT temperature of VO,. In addition,
a two-step deposition method is found to be facile and has great
potential for the fabrication and development of VO,(M) thin
films, accordingly reducing the deposition and annealing
temperature simultaneously, which is favorable for application
in flexible films.
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