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Chapter 1
General Introduction

1.1 Background

The advancements in science and technology have led to economic development
and improved the quality of human lives. However, uncontrolled development in the past
centuries, which ignored impacts on the environment, has caused global environmental
issues such as climate change, ozone layer depletion, and desertification, which endanger
the survival of human beings. For both a more comfortable life of people and survival of
human beings, the concept of sustainable development has been advocated. In 1987, the
World Commission on Environment and Development [ 1] published a report titled “Our
Common Future” in which sustainable development is defined as “development that
meets the needs of the present without compromising the ability of future generations to
meet their own needs.” To date, many efforts have been made by the civil society,
academia, and industry to realize sustainable development.

However, sustainable development has not been achieved yet. The consumption for
fossil fuels such as coal, oil, and natural gas has been increasing over the years (Figure
1-1) [2]; the total global energy consumption has increased by ~1.5 times in the past 25
years. Increasing fossil fuel consumption leads to an increase in CO2 emissions, causing
global warming. The sixth assessment report of the Intergovernmental Panel on Climate
Change (IPCC) [3] has estimated the increase in human-caused global surface
temperature from 1850-1900 to 2010-2019 to be 1.07 °C. The report also indicates that,
as a result of global warming, the frequency of extreme temperature events, heavy 1-day
precipitation events, and agricultural and ecological drought events, which occurred once
in 10 years on average now likely occur 2.8, 1.3, and 1.7 times, respectively. Moreover,
the global surface temperature will continue to increase, and these disasters will likely
occur more frequently in future [3]. Hence, greater efforts need to be made to achieve

sustainable development.
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Reducing the energy consumption of manufacturing processes is essential for
sustainable development. The International Energy Agency (IEA) has reported the
breakdown of end-uses of energy by sector in selected IEA countries [4]. As shown in
Figure 1-2, manufacturing accounts for 24% of the end-uses of energy, suggesting that
the manufacturing industry constitutes a significant proportion of the total global energy
consumption. Replacing the currently used manufacturing processes that consume much
energy with those that consume less energy is desirable for sustainable development.

Product performance and manufacturing cost are the limitations that hinder the
introduction of manufacturing processes that consume less energy. Processes consuming
low energy often have low productivity, leading to high manufacturing costs, or are not
capable of fabricating products with sufficient performance that meet people's demands.
Therefore, developing novel manufacturing processes that enable the fabrication of
products with adequate performance while consuming lower energy and having lower

manufacturing costs is desirable.

1.2 Thin Films Fabrication via Chemical Vapor Deposition

Thin film materials used in numerous products such as mobile devices, home
electronics, and transport equipment are indispensable to our lives. In addition, thin film
materials are expected to make our life more comfortable since they are key materials for
building next-generation products, such as Internet of Things (IoT) devices and ultra-fast
mobile communication systems. Therefore, the fabrication of thin films is essential for
current and future manufacturing industries.

Chemical vapor deposition (CVD) is a common fabrication method for thin films.
In conventional CVD, a vapor phase precursor is transferred to a heated substrate by gas.
Then, chemical reactions induced by heat, light, or plasma occur near the substrate,
forming film on the surface. CVD is extremely useful because it can fabricate dense films
on substrates having complex shapes and can control the composition of films easily.
CVD has been widely used in the industries to deposit thin films, such as silicon for solar
cells, insulating films (SiO2 and SiN) for electronic devices, and wear-resistant TiC
coating for industrial tools [5].

However, CVD processes often require a vacuum environment to volatilize



precursor materials or application of plasma to induce chemical reactions, resulting in
high energy consumption. To achieve sustainable development, a novel CVD technology

that enables film deposition with low energy consumption is required.

1.3 Mist CVD Method

Mist CVD [6-11], also known as aerosol-assisted CVD, is a type of CVD. In this
method, a solution dissolving metal salt is used as a precursor rather than a highly volatile
material. The precursor solution is ultrasonically atomized to create a mist, which is
transferred to a heated substrate by using a carrier gas, thereby forming a thin film on the
substrate by chemical reaction.

Mist CVD can be used to fabricate films without using vacuum equipment or
application of high energy such as plasma. Thus, this process can be used to fabricate
films at lower energy consumption and at lower manufacturing cost. Mist CVD has
similar advantages as conventional CVD, such as the ability to deposit films on substrates
having complex shapes [12] and to control the composition of the film [13]. Owing to
these advantages, mist CVD has been studied as the fabrication method for a variety of
materials such as metals [14,15], oxides [6,7,11,16—18], sulfides [19-21], nitrides [22],
and carbides [23].

The mist CVD method is primarily used for fabricating oxide thin films because
the oxygen invasion from the ambient atmosphere into the reactor unit does not cause
severe deterioration of the film’s properties. To date, oxide thin films with excellent
properties have been fabricated using this method, e.g., dielectric AlOx [24-26],
transparent conductive layer ZnO [17] and SnO> [27], wide-bandgap semiconductor
Gay03 [7,28], and amorphous oxide semiconductor IGZO [29]. Using these films, high-
performance devices such as Ga;Os-based Schottky barrier diodes with high breakdown
voltage and low resistance have been reported [30]. These examples indicate that mist
CVD is a promising fabrication method for high-performance devices using oxide thin
films.

There are three types of mist CVD according to the configuration of the reactor
unit: linear-source, fine-channel, and hot-wall types. In this study, hot-wall-type mist

CVD, in which the substrate is heated in an electric furnace, is used (Chapter 2 details the
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apparatus and procedure of the hot-wall-type mist CVD). The hot-wall-type mist CVD
system is suitable for depositing crystalline films because of its ability to deposit films at

high temperatures (up to 1000 °C).

1.4 MoO2 and VO

Molybdenum dioxide (M0Q>) and vanadium dioxide (VO.) have been investigated
for their unique properties and potential use in next-generation electric and optical devices.
Although various deposition methods have been proposed for these materials, some issues
are associated with the properties of the resulting films, energy consumption, and the
manufacturing cost of the process. The details of the properties, applications, and

fabrication methods of these films are described below.

1.4.1 MoO2

MoO:; demonstrates high chemical stability against acids and bases [31], high
electrical conductivity (~10* S cm™) [32,33], and a high work function (~6 eV) [34,35].
These properties make MoO, a suitable candidate for applications such as secondary
batteries [36—38], hydrogen evolution catalysts [39], memory devices [32], and base
layers for heteroepitaxy of other functional oxides [40]. For example, MoO: decorated
with a 0.5 wt. % Pt shows greater mass activity than commercial 20 wt. % Pt/C catalyst,
suggesting its potential to reduce the loading amount of Pt in electrocatalysts [41].

MoO: thin films are typically fabricated by CVD, physical vapor deposition (PVD),
and solution processes [32,33,40,42—49]. Table 1-1 shows the electrical conductivity of
MoO:; films deposited by various methods. Conventional CVD and PVD such as pulsed
laser deposition (PLD) and sputtering can be used to fabricate MoO; films with high
electrical conductivity. However, they generally require vacuum equipment, which leads
to high energy consumption and high manufacturing costs. Solution processes can deposit
MoO:; with lower energy consumption, but the electrical conductivity of the obtained
films is not high [45]. Therefore, a novel deposition method is required to fabricate highly

conductive MoO: films with low energy consumption and low manufacturing cost.



Table 1-1 Electrical conductivity of MoO- films deposited by different methods

Electrical conductivity

Fabrication method Reference
(x10° Scm™)

PLD 6.3 [32]

PLD 11 [33]

PLD 1.4 [40]
Sputtering 1.4 [42]
Sputtering 2.3 [46]
Sputtering 3.0 [47]
CVD 0.48 [44]
CVD 6.0 [48]
Solution process 0.1 [45]

In some reports [33,43], the deposited film is denoted as MoOx to express the
stoichiometry of the resulting films, even though the crystal structure of the film
corresponds to MoQOo. In this study, molybdenum oxide films with the crystal structure of

MoO:; are denoted as MoO- for simplicity.

1.4.2 VO2

VO. shows a metal-to-insulator transition (MIT) at a phase transition temperature
(Te) of ~68 °C [50-52]. VO has a monoclinic phase below 7¢, and a tetragonal rutile
phase above Tc. The phase transition from the monoclinic phase to the rutile phase is
accompanied by a large decrease in resistivity of more than four orders of magnitude as
well as a large decrease in transmittance in the infrared region [53,54]. The phase
transition is triggered by various stimuli, such as voltage application [55], light irradiation
[56,57], and electrolyte gating [58,59], in addition to heating and cooling. These
properties of VO, render it suitable for potential application in optical switching devices
[60], smart windows [52,61], actuators [62], and strain sensors [63]. For example, VO»-
based smart windows show great potential for saving energy in building air conditioning.
Gao et al. [52] built two model house: one with non-coated glass and the other with VO»-

coated glass. They then irradiated the houses with infrared light and measured the
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temperature in the houses. The temperature rise in the house with VO: coated glass was
reduced by 9 °C compared with the house with non-coated glass, suggesting the capability
of VO to block infrared light significantly.

High-quality VO films showing a large change in resistivity and infrared
transmittance across the MIT are desirable for the above-mentioned applications.
However, a fabrication method for high-quality VO> with low energy consumption and
low manufacturing cost has not been developed yet. Fabrication methods of VO, thin
films using CVD, PVD, and solution processes have been reported [64—69]. Conventional
CVD and PVD can fabricate VO films showing large resistivity changes across the MIT,
but they often require vacuum equipment, incurring high energy consumption and high
manufacturing costs. Solution processes can fabricate VO; films showing large
transmittance changes across the MIT while maintaining high visible transmittance, but
these processes require long-time reactions (typically over 6 h) resulting in high
manufacturing costs [64,65,70]. Therefore, it is desirable to develop a method to fabricate

VO films with lower energy consumption and reduced manufacturing cost.

1.5 Mist CVD Application to MoO2 and VO

Mist CVD is a promising method for fabricating oxide films with low energy
consumption and lower manufacturing cost. To date, the mist CVD method has been
primarily used to deposit metal oxides, in which the metal atoms have a maximum
oxidation number (e.g., GaxO3 and ZnO). On the other hand, strategies for fabricating
metal oxides whose oxidation numbers are different from the maximum oxidation number
(e.g., MoO2 and VO2) have not been successful because of the difficulty in obtaining
objective valent metal oxides. In the case of molybdenum and vanadium, which have
multiple oxidation states, the contamination of the unintentional valent atoms causes a
deterioration of the MoO> and VO; films [33,71]. There are a few reports on using mist
CVD for MoO; and VO»; however, the resulting films show inferior properties compared
to those prepared by other processes [72—78]. The properties of mist-CVD-grown MoO>

and VO2 need to be improved to facilitate their practical application.



1.6 Aims and Outline of This Thesis

MoO; and VO, are promising materials for use in next-generation devices.
Although mist CVD methods can be used to fabricate MoO» and VO» thin films at lower
energy consumption and at lower manufacturing costs, high-quality MoO; and VO» films
have not been fabricated using this method. Therefore, the author aims to fabricate MoO>
and VO films with excellent properties using mist CVD.

This thesis is organized as follows:

Chapter 2 Growth of MoO: thin films

Chapter 2 details the growth of MoO> by mist CVD using a methanol solution of
bis(acetylacetonato) molybdenum dioxide. Films deposited at various positions in a
furnace at different furnace temperatures were investigated. The phase, morphology,
oxidation state, and electrical resistivity of the obtained films were evaluated by X-ray
diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), and four-probe methods, respectively.

Chapter 3 Growth of VO: thin films

Chapter 3 details the growth of VO2 by mist CVD using a methanol and water
solution of vanadyl acetylacetonate. The influence of the solvent of the precursor solution
on the phase of the resulting films was investigated. XRD, XPS, SEM, four-probe method,
and UV-Vis-NIR spectroscopy were used to characterize the phase, oxidation states,

morphology, electrical properties, and optical properties respectively.

Chapter 4 VO: fabrication via topotactic oxidation

Chapter 4 details the VO, fabrication using the topotactic oxidation of V203
epitaxial films prepared using the mist CVD method. The precursor V,03 epitaxial films
were thermally oxidized at different temperatures and durations to obtain highly oriented
VO,. The phase, morphology, and electrical properties of the resulting films were
investigated using XRD, SEM, and the two-probe method, respectively. In addition, the

mechanism that determines the orientation of the resulting VO is discussed.
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Chapter S General Conclusion

The conclusion of this study and future perspective are presented in Chapter 5.
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Chapter 2
Mist Chemical Vapor Deposition
of MoO2 Thin Films

2.1 Introduction

In this chapter, the author reports the fabrication of MoO: thin films using the mist
CVD method. Ashraf et al. performed mist CVD of MoO: using polyoxometalates as the
precursor [ 1], but only obtained rough, sparse, and powdery MoO.. However, dense oxide
films with flat surfaces of Ga,03, NiO, CuxO, and LiMn»O4 have been obtained by mist
CVD using metal acetylacetonates as the precursor [2—5]. Mist CVD of MoO- using metal
acetylacetonates as the precursor has not been reported before. In this chapter, the author
reports mist CVD using bis(acetylacetonato) molybdenum dioxide as the precursor to
obtain flat MoO> films. Optimal deposition conditions including the deposition
temperature and the position of the substrate in the reactor were determined by examining

the crystal phase, morphology, and electrical resistivity of the resulting films.
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2.2 Experimental

2.2.1 Materials

The precursor solution was prepared by dissolving 0.65 g of bis(acetylacetonato)
molybdenum (VI) dioxide (MoO2(acac),; Wako) in 80 mL of methanol containing 0.1
wt. % water. The concentration of water in methanol (99.8%, Wako) was measured using
a Karl Fischer coulometer (KEM Kyoto, MKC-610) and was adjusted to be 0.1 wt. % by
the addition of distilled water. The precursor solution was stirred for 6 h in a sealed
container in dark and then used for mist CVD. Glass slides (Matsunami; 25 mm X 76 mm,
thickness: 1.0—1.2 mm) and quartz plates (26 mm x 76 mm; thickness: 1.0 mm) were used
as the substrate for the MoO; films. Prior to their use, the substrates were cleaned with
acetone, distilled water, and isopropanol using an ultrasonic bath and dried by blowing

2.2.2 Mist CVD of MoO2

A custom-built hot-wall mist CVD system (Figure 2-1a) was used for the deposition
of MoO: films. The system consists of a unit for generating the precursor mist and a
reactor unit for film deposition. The precursor solution was taken in a glass cylinder (¢
95 mm) with a plastic film (~10 um in thickness) covering the bottom of the cylinder, and
the cylinder containing the solution was placed in a water bath, underneath which three
ultrasonic atomizers (HM-2412, Honda Electronics) were installed. The mist of the
precursor solution was generated by the ultrasonic vibration of the atomizers. The
generated mist particles were transported to the reactor unit by a carrier gas (Na2).
Additional N> gas was flown from the mist generator unit to the reactor unit to dilute the
precursor mist in the gas flow. In the reactor unit, the substrates were placed in a quartz
tube with an inner diameter of 40 mm and heated by an electric tube furnace (¢ 51 mm x
300 mm, ARF-50KC, Asahi Rika Seisakusyo). Films were formed on the substrates
through thermal decomposition of the precursor mist. Three pieces of the substrates were
placed in the quartz tube side-by-side to cover the distance of 4-27 cm from the furnace

inlet. The furnace temperature was monitored with a thermocouple attached to the outer

18



wall of the quartz tube at the central part of the furnace, and the furnace temperature was
maintained at a given value in the range of 400-550 °C.

The film deposition procedure is as follows: After placing the substrates in the
quartz tube, the furnace was heated to a predetermined temperature and the quartz tube
was purged with N». With the N> gas remaining in the furnace, the precursor solution was
atomized for 5 min to stabilize the atomizers. Then, the carrier gas (N2) and diluting gas
(N2) were flown at the rates of 4 and 2 L min™!, respectively, and thus the mist was
transported to the substrates in the furnace to start film deposition. After 10 min of film
deposition, the carrier gas, atomizers, and furnace were turned off, while the flow of the
diluting gas was continued. Finally, the substrates were cooled to room temperature (~
25 °C) in the furnace under N; gas flow.

The temperature distribution on the substrate surface was measured almost under
the same conditions as those during the film deposition; however, a mist of methanol
without MoOz(acac), was flown during this measurement. A thermocouple inserted from
the end of the quartz tube was used to measure the temperature of the glass substrate
surface. The temperature was recorded 10 min after the start of the mist flow. Direct
measurement of substrate temperature was carried out at furnace temperatures of 350—
480 °C, while the substrate temperatures at furnace temperatures of 500 and 550 °C were

determined by extrapolation of the data collected at the lower furnace temperatures.

2.2.3 Characterization of films

XRD was performed with an X-ray diffractometer (X'pertPRO-MPD, PANalytical)
using Cu-Ka radiation to evaluate the phase of the deposited film. The morphology of the
deposited film was observed by field emission scanning electron microscopy (SEM,
IT300HR, JEOL) and atomic force microscopy (AFM, Nano Navi IIs Nanocute, SII Nano
Technology). The electrical resistivity was measured at room temperature (~25 °C) by the
four-probe method with an applied current of 10 pA using a source meter (2450
SourceMeter, KEITHLEY). The glass substrate after film deposition was cut into several
pieces, and the resistivity of the film on each piece was measured to determine the

distribution of the resistivity.
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XPS was performed on a JPS-9030 spectrometer (JEOL) using a Mg Ko X-ray
source (1253.6 eV) operated at 12.0 kV and 10.0 mA to analyze the oxidation state of the
elements present in the prepared films. The base pressure of the instrument was typically
less than 5 x 107® Pa. The XPS spectra were calibrated using the C 1s peak from
hydrocarbon contamination fixed at 285.0 eV. A pass energy of 50 eV with 1 eV step was
used for collecting the wide-scan survey spectrum, while a pass energy of 30 eV with 0.2
and 0.05 eV step, respectively, was used for collecting the spectra in the C 1s and Mo 3d
regions. Sputter etching of the samples was carried out using an argon ion gun operated
at 400 V for 5 s with a duty ratio of 50%. Under the acceleration voltage of 400 V, a
standard SiO> film is etched at the rate of approximately 0.3 nm s '. The XPS spectra
were analyzed using SPECSURF (version 2.0.5.7, JEOL) software. The Mo 3d spectrum
typically consists of two envelopes as a consequence of spin-orbit coupling. The ratio of
the oxidation states of Mo in the specimens was estimated by the deconvolution of the
spectra using a method suggested by Choi et al. [6] The Mo 3ds»—Mo 3ds» doublet was
fitted such that each peak had the same mixed Gaussian-Lorentzian line shape and width.
The intensity ratio and the splitting energy for the Mo 3ds»—Mo 3d3» doublet was fixed
at [(3ds2)/1(3d32) = 3/2 and 3.15 eV, respectively. The XPS spectrum of the prepared film
was compared with those of MoO, and MoO3 powders. The MoO; powder (99.9%) was
purchased from Kojundo Chemical Laboratory and the MoO3 powder was prepared by
annealing molybdenum metal powder (99.9%, Wako) in air at 500 °C for more than 8 h.
These powders were confirmed to be single phases of monoclinic MoO> and orthogonal

MoO3; from XRD analysis.
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2.3 Results and Discussion

2.3.1 Appearance of the films

The temperature of the substrate is one of the key factors that can significantly
affect the quality of the resulting film in mist CVD. Figure 2-1b shows the temperature
distributions over the substrate surface under the mist flow in the furnace heated to
various preset temperatures in the range of 400-550 °C. At every furnace temperature,
the temperature of the substrate surface was found to have the maximum value at a
position slightly downstream from the center of the furnace. Without the mist flow, the
maximum temperature is observed at the center, which is 15 cm from the inlet of the
furnace. The quality of the resulting film is likely to be affected both by the substrate
temperature and time taken by the mist to travel through the heating zone to the substrate.
Therefore, the author examined the films formed at different positions in the furnace at
various preset temperatures.

Figure 2-2a shows the photographs of the films formed on the glass substrates by
the mist CVD at furnace temperatures of 550 and 480 °C. Films were formed over a length
of >14 cm on the substrates. The films obtained at the furnace temperature of 550 °C have
a dull gray appearance near the center of the substrate and a dark reflective appearance
near both ends. Meanwhile, the entire film obtained at the furnace temperature of 480 °C
has a uniform reflective appearance.

Figure 2-2b schematizes the appearance of the films formed at different locations
in the furnace at different temperatures. No film formation was observed at a furnace
temperature of 400 °C. Film deposition occurred at furnace temperatures higher than
440 °C. At the furnace temperatures of 440-500 °C, films with metallic luster (see the
photograph in Figure 2-2a) were obtained, while at 550 °C, a dark mirror-like or grayish
dull film was obtained.

At the furnace temperature of 440 °C, the film was formed in the range of X = 15
cm to 25 cm, where X is the distance from the inlet of the furnace (Figure 2-2b). The
starting edge of the formed film shifted upstream as the furnace temperature was

increased, and thus, the area over which the film formed increased with increasing furnace
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temperature. A comparison between the temperature distribution (Figure 2-1b) and the
starting edge of the formed film (Figure 2-2b) indicates that the film deposition started at
the position where the substrate temperature was approximately 325 °C.

The characteristics of the films obtained at different furnace temperatures and the
differences in the characteristics at different positions of a given film grown at a particular
furnace temperature (the regions indicated by the circles in the diagram in Figure 2-2b)

are discussed hereafter.
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Figure 2-1 (a) Schematic illustration of a hot-wall mist CVD system. (b) Temperature

distribution on the substrate under mist flow in the furnace at different preset temperatures.
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Figure 2-2 (a) Photograph of the films prepared at furnace temperatures of 550 °C (top)
and 480 °C (bottom). The mist was flown in from the left side of the substrate during the
process. (b) Diagram showing the physical appearance of the films deposited at different
positions in the furnace at various temperatures. The circles indicate the positions of the

films characterized intensively in this study.
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2.3.2 Phase of films

Figure 2-3a shows the XRD patterns of the films obtained from the area near the
middle of the furnace (at X = 18 cm). The XRD pattern of the sample obtained at the
furnace temperature of 400 °C showed only a halo from the glass substrate, confirming
that no film deposition occurred at this temperature. In the XRD patterns for films
prepared at 440 °C and 480 °C, peaks are observed at 26 = 37° and 53°, respectively.
These peaks correspond to the crystal planes of monoclinic MoO; [7]. No diffraction peak
was observed from the film at 20 =26°, where MoO> (011) diffraction peak should appear
if the deposited film consists of randomly oriented grains. The film, therefore, appears to
be composed of MoO» with a preferred orientation. The strong diffraction peak observed
at 20 = 37° can be attributed to either (202), (211), (020), or (002) plane of MoO,. The
diffraction peaks from these lattice planes are so close that it was impossible to uniquely
identify the oriented lattice plane.

In the XRD patterns of the films prepared at 500 °C and 550 °C, the diffractions of
MoO:; and an additional phase were observed. The diffraction pattern from the additional
phase corresponded to that of KoMogO16. KxMo0gO16 may have formed by the diffusion of
K, which is incorporated as an additive in the glass substrate, into the growing film at
high temperatures. XPS analysis was performed for the film fabricated at 550 °C to
confirm the presence of K. However, along with K and Mo, Si from the glass substrate
was also detected by XPS, presumably due to the unevenness of the film and low film
thickness at some parts as described later. Therefore, it was impossible to verify whether
the detected K was present in the film or substrate using XPS. However, the idea that K
present in the glass substrate led to the formation of KoMogOis was supported by
fabricating a film on a quartz substrate which does not contain K; an XRD pattern without
the additional phase was obtained for the MoO:> film formed on the quartz substrate at
550 °C (Figure 2-3b). Therefore, the formation of the additional phase can be prevented
by using a quartz substrate. However, at the furnace temperature of 550 °C, the films
deposited on both quartz and glass were rough and not as smooth as the ones deposited at
480 °C, a temperature that is low enough to prevent the formation of the additional phase.

The films formed at different positions in the furnace at temperatures of 480 °C and
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550 °C (indicated as 480u, 480m, 480d, 550u, 550m, and 550d in Figure 2-2b) were
analyzed to examine the differences in the deposited phase according to the substrate
position in the furnace. Figures 2-3¢ and d show the XRD patterns of these films. At the
furnace temperature of 480 °C, the single-phase MoO> film with the preferred orientation
was obtained at every substrate position from upstream to downstream. The peak at 26 =
37° for 480m is broader than those for 480u and 480d. As mentioned above, the strong
diffraction at 20 = 37° can be attributed to the (202), (211), (020), or (002) plane, which
cause diffractions at slightly different angles. The difference in peak width may suggest
that some of these crystal planes are preferentially oriented and the degree of the
orientation is different in 480m, 480u, and 480d. The film obtained at the furnace

temperature of 550 °C contained MoO> and the additional phase at every position.
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Figure 2-3 XRD patterns of (a) films deposited at a position of 18 cm away from the inlet
of the furnace set at different temperatures (400-550 °C), (b) films deposited at 550 °C
on the quartz and glass substrates, (c,d) films deposited at various positions in the furnace

set at temperatures of 480 °C and 550 °C.
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2.3.3 Composition and chemical states of films

The film formed at X = 18 cm in the furnace at 480 °C was further analyzed by
XPS. For comparison, the XPS spectra of MoO> and MoO3 powders were also acquired.
Figure 2-4a shows the survey scan spectrum in the binding energy range of 0—1000 eV,
where only the signals of molybdenum, oxygen, and carbon are observed. The signals of
carbon from the film diminished to the noise level after Ar*ion etching, indicating that
the carbon signal detected before etching originated from hydrocarbon contamination on
the film surface and the film is essentially composed only of molybdenum and oxygen.

Figures 2-4b and ¢ show the XPS spectra in the Mo 3d region. In the spectrum
acquired before Ar” ion etching, Mo (V) is dominant on the surface of the prepared film.
Note that Mo (V) is dominant even in MoO; powder, while Mo (VI) is mostly detected
from MoOs powder. The presence of Mo (V) in the MoO> powder is due to surface
oxidation. It is well known that the surface (thickness: ~ 5 nm) of MoO: is easily oxidized
to form MoO»:x in air.[8,9] After etching for 5 s, the signal of Mo (IV) was detected more
significantly from the film as well as MoO» powder. The decrease in the Mo (V) signals
can be attributed to the removal of the surface oxidation layer by Ar" ion etching as well
as the reduction of some molybdenum to Mo (IV) due to Ar" ion bombardment [10,11].
Comparison of the spectra of MoO; powder before and after etching indicates that Mo
(VI) was reduced to Mo (V) by Ar" ion bombardment, but hardly to Mo (IV).

The similarity in the spectral features of the film and MoO> powder suggests that
the film is composed of MoO,, although there is a possibility that the average valence of
Mo could be slightly higher in the film than in MoO.. The possible reduction of Mo (V)
to Mo (IV) by Ar" ion bombardment leaves this ambiguity in the analysis.

26



Intensity (a.u.)

1000 800 600 400 200 0
Binding Energy (eV)
(b) Before Ar* etching (c) After Ar* etching
- Mo(VI) 3ds» - Mo(VI) 3ds),
- Mo(V) 3ds; - Mo(V) 3ds,
- Mo(1V) 3ds, - Mo(1V) 3ds,
MoQO,
5 S | MoO;,
& L
2 - = —
‘® ‘B
G &
£ | MoO; £ | MoO,
Film Film
T T T T T T T T I4_I T T T — T T T " T T T T T - T T T T
240 238 236 234 232 230 228 240 238 236 234 232 230 228
Binding Energy (eV) Binding Energy (eV)

Figure 2-4 (a) Wide-scan XPS spectra and (b, ¢c) Mo 3d spectra of the MoO; thin film
prepared by mist CVD, MoO; powder, and MoOj3 powder before and after Ar" ion etching
for 5s.
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2.3.4 Morphology of films

Figure 2-5 shows the surface and cross-sectional SEM images of the films. Figure
2-5 (a—c) show that the film prepared at the furnace temperature of 550 °C is composed
of sparsely deposited crystalline grains along with a rough surface, particularly at the
upstream and midstream areas. Figure 2-5 (b, d—f) show that the films prepared at lower
furnace temperatures are composed of fine crystalline grains that densely cover the
substrate surface. The films prepared at the furnace temperatures of 480 °C and 440 °C
are especially smooth and dense. Atomic force microscopy images of the films also
confirmed the smoothness of the film deposited at 480 °C (Figure 2-6). The root mean
square roughness of the films deposited at 480 and 550 °C are 13 nm and 83 nm,
respectively. The cross-sectional SEM images suggest that at 550 °C, new crystalline
grains were generated constantly during the film growth, whereas at temperatures of
480 °C and 440 °C, the growth occurred after the nucleation of grains on the substrate.
At the furnace temperatures of 480 °C and 440 °C, the MoO- films were densely deposited
and the entire film surface was smooth. This result demonstrates that smooth and dense

MoO: films can be obtained over a wide area by mist CVD.
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200 nm
Figure 2-5 Surface and cross-sectional SEM images of (a, b, ¢) films obtained at upper,

middle, and downstream areas in the furnace at 550 °C, and (d, e, f) films obtained at the

middle stream area in the furnace at 500, 480, and 440 °C.

Figure 2-6 Atomic force microscopy images of the films deposited at a position of 18 cm

away from the inlet of a furnace set at (a) 480 and (b) 550 °C.

29



Figure 2-7 shows the distribution of the film thickness determined from the cross-
sectional SEM images. At the furnace temperatures of 500 °C and 480 °C, the film
thickness was ~200 nm evenly at the position of ~15-23 cm from the furnace inlet. The
films prepared at a lower furnace temperature (440 °C) were relatively thinner, and the
film was not uniform in any region. The film prepared at a higher temperature of 550 °C

was significantly thicker, but contained no uniform region.
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Figure 2-7 Distribution of the thickness of films prepared at different furnace

temperatures.
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2.3.5 Electrical resistivity

Figure 2-8 shows the electrical resistivity of the films. The films prepared at the
furnace temperatures of 440—500 °C showed a low resistivity of the order of 10 Q-cm
throughout the film. This value of resistivity obtained is one order of magnitude higher
than that of the MoO, film prepared by vacuum processes [12,13] (10™* Q-cm), but one
order of magnitude smaller than that of the MoO, prepared by a solution process [14]
(1072 Q-cm). The film prepared at 550 °C showed a relatively high resistivity of 107> Q-cm

which can be attributed to the additional phase included in the film and the less dense

morphology of the film.
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Figure 2-8 Electrical resistivity of the MoO: film as a function of the distance from the

inlet of the furnace at different preset temperatures.
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2.3.6 Discussion

In general, a CVD process includes the following four steps: (1) transport of
precursors, (2) diffusion and adsorption of precursors to the substrate, (3) progress of the
chemical reaction on the substrate surface, and (4) removal of byproducts. The rate-
limiting step depends on the temperature; it tends to be the chemical reaction on the
substrate surface (step 3) at low temperatures and the diffusion/adsorption of precursors
to the substrate (step 2) at high temperatures. When the temperature is increased further,
solid particles are precipitated in the gas phase during the transportation (step 1) before
the precursors reach the substrate.

In the present study, the thickness of the film deposited at the furnace temperature
of 550 °C was significantly greater than that of the films obtained at lower temperatures.
As discussed previously, the SEM images of the film (Figure 2-5) revealed that new
crystal grains were generated during the film deposition at 550 °C. This result suggests
that solid particles were precipitated in the gas phase during the transport of the mist and
the precipitates settled on the growing film. In other words, at 550 °C, the precipitation
of MoO2 powder occurred concomitant with the crystal growth on the substrate by the
chemical reaction of the precursor. At lower furnace temperatures of 500 °C and 480 °C,
a uniformly thick film was formed over a wide area (Figure 2-7), although the substrate
temperature varied depending on the position of the substrate. Furthermore, as shown in
Figure 2-5, all the crystal grains appeared to have grown on the substrate at these
temperatures. Therefore, the diffusion and adsorption of the precursor from the gas phase
to the substrate (step 2) appears to be the rate-limiting step at these temperatures. At
440 °C, the film thickness varied depending on the substrate temperature, indicating that

the chemical reaction on the surface is the rate-limiting step at this temperature.
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2.4 Conclusion

Dense and smooth MoO; films were obtained by mist CVD using acetylacetonate
salt as the precursor. The MoO»> films were deposited at furnace temperatures of >440 °C;
however, an additional phase was obtained for the MoO; films deposited at the furnace
temperature of 550 °C. Despite the uneven distribution over the substrate surface, a
smooth MoO; film with a constant thickness of 200 nm was uniformly deposited over a
wide area of the substrates at furnace temperatures in the range 480—500 °C. The prepared

MoO:; films showed a low resistivity of 2 x 107 Q-cm.
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Chapter 3

Mist CVD of Vanadium Dioxide Thin Films with
Excellent Thermochromic Properties Using a
Water-Based Precursor Solution

3.1 Introduction

In this chapter, the author reports the fabrication of VO thin films by the mist CVD
method and the thermochromic properties of the resulting films. As described in Chapter
1, VO exhibits MIT at approximately room temperature (~68 °C). Both visible and
infrared light are transmitted through VO, below the phase transition temperature (7¢);
however, above T¢, only visible light is transmitted [1,2]. Owing to this property of VOo,
windows coated with VO3 block infrared light from entering when it is hot outside, while
still allowing the transmission of visible light. Infrared radiation, which accounts for
approximately 50% of the solar radiation energy, is the heat source that flows into
buildings. Therefore, the control of the heat intake through VO-based smart windows
can effectively reduce the amount of energy consumed for air conditioning in a building.

Mist CVD can fabricate films at low energy consumption, and thus VO, thin films
are expected to be fabricated by this method. However, to date, no VO; thin films with
sufficient performance have been obtained via mist CVD. The visible transmittance
reported for VO: films fabricated through mist CVD is generally <40% at a wavelength
of 550 nm, and the change in the infrared transmittance at a wavelength of 2500 nm below
and above 7. is also as small as <30 percentage point (pp) [3—8]. For other oxide films,
such as Ga20O3 and ZnO, high-quality films comparable to those obtained by vacuum
processes are produced through mist CVD [9,10]. Therefore, it is expected that high-
quality VO; films can also be obtained through mist CVD by exploring the deposition
conditions in further detail.

The optical properties of VO are strongly affected by its stoichiometry.

Contaminating a VO, crystal with V3" and V>* deteriorates its visible transmittance and
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infrared transmittance change [11-13]. Although films composed of a VO single phase
were reportedly obtained through mist CVD using an ethanol solution of vanadyl
acetylacetonate (VO(acac)2) as the precursor [5], further control of the stoichiometry of
the VO, film is necessary to enhance its properties.

In mist CVD, metal salt and the solvent of the precursor solution are the factors
that can significantly affect the crystal phase and physical properties of the resulting film,
because the latter can change the oxygen potential of the deposition atmosphere [5,14,15].
A study on the oxidation of V203 to VO; reported that a water vapor atmosphere is
suitable for stabilizing vanadium in the tetravalent state [16,17]. Although it was reported
that mist CVD using a precursor solution composed of vanadium(IIl) acetylacetonate
(V(acac)3) and water resulted in V203 [5], mist CVD using a combination of tetravalent
vanadium salt and water has not yet been investigated.

In this chapter, the author reports fabrication of vanadium oxide by mist CVD using
a methanol solution and a water solution of VO(acac)> to investigate the effect of the
solvent on the crystal phase of the resulting film. Furthermore, the author demonstrates
that VO; films with high visible transmittance and a large infrared transmittance change

by MIT are obtained through mist CVD using a water-based precursor solution.
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3.2 Experimental

3.2.1 Materials

The precursor solutions were prepared by dissolving bis(acetylacetonato)
vanadium oxide (VO(acac)z; 98%, STREM) in distilled water or methanol at a
concentration of 0.010 mol L!. A quartz plate (25 mm x 25 mm; thickness = 0.7 mm)
was used as the substrate for mist CVD. Before use, the quartz substrate was washed
sequentially in acetone, distilled water and isopropanol in an ultrasonic cleaner and dried

by blowing air.

3.2.2 Mist CVD of VO2

The apparatus and deposition procedure of mist CVD used for the deposition of
VO, were the same as those described in Chapter 2, except for the method of placing the
substrate. Herein, the substrate was placed on a holder installed at the center of the tube
furnace. The precursor mist was supplied to the substrate through N> flow for 10 min and
20 min in the cases of using a methanol solution and water solution, respectively. The
durations for the film growth were determined by considering the difference in the amount
of mist generated from two different solvents. The flow rate of the carrier gas and dilution
gas was 3.0 L min~!. After the mist supply was turned off, the substrate was cooled to

<100 °C in a furnace under N> gas flow.

3.2.3 Characterization of fiims

XRD and XPS measurements and SEM and AFM observation were carried out with
the same instruments as those described in Chapter 2. In the XRD measurements, the
incident angle of X-ray was fixed at @ = 1.5°. In XPS measurements, according to a report
[18], the Ols signal taken at 530 eV was used as the binding energy reference. A pass
energy of 50 eV with 1 eV step was used for collecting the wide-scan survey spectrum,

while a pass energy of 30 eV with 0.2 step and 20 eV with 0.05 eV step, respectively, was
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used for collecting the Cls spectrum and V2p and Ols spectrum. Sputter etching of the
obtained samples was carried out using an argon ion gun operated at 400 V for 60s with
a duty ratio of 50%. Under the acceleration voltage of 400 V, a standard SiO; film is
etched at the rate of approximately 0.3 nm s™'. The XPS spectra were analyzed using
SPECSURF (version 2.0.5.7, JEOL) software. Based on a previous report [18], the
deconvolution of the V2p and Ols spectrum was performed using mixed Lorentzian-
Gaussian function on the assumption that the V2p3» and V2p12 signals intensities have a
2:1 ratio. A Shirley function was used to subtract the background of the spectra.

The electrical resistivity was measured by a four-probe method using a source
meter (2450 SourceMeter, KEITHLEY) while changing the temperature of the films
using a hot plate. The temperature of the film was measured using a thermocouple
attached to the film. The logarithmic derivatives of the temperature dependence of
resistivity (d(logR)/dT) were extracted to evaluate the phase transition temperature (7¢)
and width of the hysteresis loop (AH). Further, 7. and AH were defined using the
temperature corresponding to the maximum of d(logR)/dT in heating and cooling cycles
(defined as Theating and Tcooling, respectively) as follows.

_ T heating+T cooling
L (D)

AH = Theating = Teooling -+ (2)

For an obtained VO, films, the temperature dependence of the resistivity was also
measured by the van der Pauw method with a Hall effect measurement system
(ResiTest8300, Toyo Technica) to validate the accuracy of the measurement. The
difference in the values of log (R) obtained by the two methods at the same temperature
was typically less than 0.2. The transmittance spectra of the films were measured using a
UV-Vis-NIR spectrophotometer (SolidSpec-3700DUYV, Shimadzu) at room temperature
(~26 °C) and 100 °C using a heating stage (Mettler FP82 hotstage). The measurement
error of the transmittance, which was mainly caused by baseline variation, was less than
a few percent. The visible transmittance (7wun(6), 390-760 nm) and solar spectrum
transmittance (7s01(6), 280—-2500 nm) at a measurement temperature of 6 were calculated

using the following equations:
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where T'(1,0) is transmittance at wavelength 4 and measurement temperature 0, Prum @)

Tlum(e) =

Tl o) =

is the standard luminous efficiency function for the photopic vision of human eyes,
9,4 1s the solar irradiance spectrum for an air mass of 1.5 (corresponding to the sun
standing 37° above the horizon). Twum and AT values of the obtained films were
calculated using the following equations:

Tium 26°c) T Tium(100 °C)
Tium = — T .(5)

ATsol = Tsoi26 °c)y —  Tsol(100 °C) ... (6)
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3.3 Results and Discussion

3.3.1 Appearance and phase of the films

Mist CVD was performed using a methanol or water solution of VO(acac), to
examine the effect of the solvent of the precursor solution on the resulting film. Figures
3-1a and b show the appearance of the films deposited at 400—750 °C from methanol and
water solutions, respectively. The colors of the samples show that the films were formed
from methanol and water solutions at temperatures above 450 and 400 °C, respectively.
The films deposited from methanol solution were gray or black, while the films deposited
from water solution were brown, which is the color of monoclinic VO, reported in the
literature [19,20].

Figure 3-1c shows the XRD patterns of the samples before and after the deposition
using methanol solution. After the deposition at 400 °C, the sample showed only a halo
from the quartz substrate, confirming the absence of film formation at 400 °C. In addition
to the halo from the substrate, the films deposited from methanol solution at 450—650 °C
showed XRD patterns corresponding to that of V.03 (JCPDS 074-2037). The XRD
pattern of the film deposited at 750 °C did not match any reference pattern, which
indicates that an unidentified crystalline phase was formed at this temperature. Figure
3-1d shows the XRD patterns of the films deposited from water solution. The sample after
the deposition at 400 °C showed no diffraction peaks from the film (Figure 3-1d),
although the formation of the film was visually confirmed (Figure 3-1b), thereby
suggesting that the film was amorphous. The film deposited at 450 °C exhibited only a
small peak at 260 = 11°; thus, the phase of the film could not be identified. The films
deposited at 550 and 650 °C exhibited the XRD patterns of VO> (JCPDS 072-0514), in
addition to a halo from the substrates. Further, the films showed no additional peaks,
thereby indicating that the films were composed of a single phase of VO». The film
deposited at 750 °C showed no XRD peaks. However, the extension of the deposition
time from 20 to 60 min resulted in the formation of a film with the XRD patterns of VO>
(Figure 3-2). This indicates that the deposition time of 20 min was significantly short to
form a VO» film that is sufficiently thick for producing a detectable XRD pattern. In
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general, when mist CVD is performed at low temperatures, amorphous or unintended
phases are formed because the decomposition of the precursor and the crystallization of
the deposited material do not proceed sufficiently. At excessively high temperatures, the
deposition rate tends to decrease owing to the increase in the re-evaporation rate of the
adsorbed precursor atoms on the substrates [21-24]. The aforementioned results are
consistent with these general trends and indicate that the optimal temperature for the
formation of VO film through mist CVD using a water solution was 550—650 °C. The
reproducibility of the formation of single-phase VO, films was confirmed by performing
the deposition under the same growth conditions several times. While VO, was obtained
from water solution, V03 was obtained from methanol solution at 550-650 °C. The
vanadium precursor employed for the film deposition was VO(acac),, which consists of
V#. The XRD results indicated that the vanadium precursor was reduced to V** by
methanol during the deposition process, whereas the oxidation state of the precursor was

unchanged during the deposition process using water solution.
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Figure 3-1 (a, b) Photographs and (c, d) XRD patterns of the substrates before and after
film deposition at 400-750 °C using (a, ¢) methanol and (b, d) water solutions of
VO(acac),.
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Figure 3-2 XRD pattern of the film deposited at 750 °C for 60 min using water solution
of VO(acac)s.
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3.3.2 Composition and chemical states of films

XPS measurements were performed on the V203 and VO, films deposited at 650 °C
from methanol and water solutions, respectively, to analyze the chemical states of the
elements in the films. The survey spectra (Figure 3-3) indicate the presence of V, O and
contaminated C in both the films. Figures 3-4a and ¢ show the XPS spectra of the Ols
and V2p regions. The spectra were deconvoluted into several peaks assuming the
presence of oxygen with two different chemical states and vanadium with valence states
ranging from +3 to +5. As shown in Table 3-1, the peak positions for each chemical state
resulting from the deconvolution are in agreement with the reported peak positions
[18,25-27]. The deconvolution of the V2p peaks indicates the presence of V3* V** and
V>* in the V,0; film and V** and V>* in the VO film. The presence of vanadium atoms
with higher oxidation numbers (V*" and V" in V203, and V' in VO,) can be attributed
to the surface oxidation of the films exposed to ambient air [18,28]. No V" signal was
observed in the VO film, which indicates that the precursor was not reduced during the
deposition process using water solution. This is consistent with the XRD pattern of the
film (Figure 3-1d). It should be noted that Ar" etching, a well-known technique for
removing the surface oxidation layer, is not applicable for identifying the valence state of

vanadium oxides because it results in the reduction of vanadium [29].
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Figure 3-3 Wide-scan XPS spectra of the films deposited at 650 °C from water and

methanol solutions.
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In the Ols region (Figures 3-4a and c), two peaks corresponding to O in the V-O
bond and O in the C—O, C=0 and —OH bonds (denoted as O—C, H) were observed in both
the V203 and VO2 films. In the Cl1s region (Figures 3-4b and d), two peaks corresponding
to C in the C—C and C—-O bonds were observed. The O—C, H, C—C and C—-O peaks were
not observed after Ar" ion etching (Figures 3-4b, 3-4d and 3-5); thus, they were assigned
to surface contamination. However, another peak emerged at a binding energy slightly
lower than that of the C—C bond in the C1s region for the V>3 film after etching (Figure
3-4b). The intensity of this peak remained almost unchanged even after increasing the
etching time. The peak position (283.6 eV) was close to that of C1s in V-C [30], and thus
the detection of this peak presumably indicates the presence of carbon atoms in the V203
crystal. In contrast, the VO film exhibited no peaks in the C1s region after Ar" ion etching.
This indicates that the VO; crystal deposited from water solution was not contaminated

with carbon, except for the surface contamination layer.
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Figure 3-4 (a,c) Ols and V2p spectra of the films deposited at 650 °C from (a) methanol
and (c) water solutions. (b,d) Deconvolution of Cls spectra for the films deposited at

650 °C from the (b) methanol and (d) water solutions before and after Ar" ion etching.
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Table 3-1 XPS binding energies for the V2p and Ols signals of the films deposited at
650 °C from (a) methanol and (b) water solutions. (¢) Values of binding energy for V2p

and Ols reported in the literature.

(a) Methanol (b) Water (c) References
[18,25-27]
Core line B.E. (eV) B.E. (eV) B.E. (eV)

V'p,, 5150 - 513.3-515.9
v'2p,, 5162 516.1 515.5-516.4
V'p,, = 5172 517.1 516.8-517.5
v©ip, 5220 - 520.9-522.8
v¥op, 5236 523.0 522.9-524.1
Vi2p, 5249 524.8 523.6-524.9

O-V  530.0 (fixed) 530.0 (fixed) 529.8-530.5

O-C,H 532.4 532.2 530.7-533.1
(a) (b)
Methanol Water
After etching After etching
El > |3 >
2 o | o
= =
E, Before etching :.i, Before etching
£ £
> =2
A VAN
‘/ o

535 530 525535 530 525
Binding energy (eV)  Binding energy (eV)

Figure 3-5 Ols spectra of the films deposited at 650 °C from (a) methanol and (b) water

solutions before and after Ar' ion etching.
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3.3.3 Morphology of films

Figure 3-6 shows the morphology of the VO, films deposited at 550 and 650 °C
from water solution. The surface SEM images (Figures 3-6a, b, e and f) revealed that both
the films were composed of densely deposited crystal grains with a diameter of several
tens of nanometers. The thicknesses of the films deposited at 550 and 650 °C were 56 and
49 nm, respectively (Figures 3-6¢ and g). These are within the thickness range of 40—80
nm, where VO: films show a balanced combination of high visible transmittance and
infrared switching efficiency [31]. The root-mean-square (RMS) roughness values of the
surface of the films were determined to be 19 and 12 nm, respectively, through AFM
(Figures 3-6d and h). The film deposited at 650 °C was slightly smoother than that
deposited at 550 °C.

(a) 550 °C low & €5 (b) 550 °C high (c) 550 °C
magnification {225 A magnification cross-section

(e) 650 °C low FESE (f) 650 °C high (h) 650 °C
magnification [SESl magnification &
e M e ; - :

s P A
. i

Figure 3-6 Surface and cross-sectional SEM and AFM images of the VO, films deposited
(a—d) at 550 and (e—h) at 650 °C
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3.3.4 Metal-insulator transition behavior

The temperature-dependent resistivities of the obtained films were measured to
evaluate their phase transition behaviors. The resistivity of the VO films deposited from
water solution at 550 and 650 °C drastically decreased when heated above a certain
temperature, and returned to its original value when cooled, thereby showing the typical
MIT behavior (Figure 3-7). In contrast, the films showing no XRD peaks of VO, (for
instance, the film deposited at 450 °C) exhibited no MIT behavior. The resistivity of the
V720; films deposited from methanol solution was nearly constant, independent of
temperature, thereby confirming that no MIT occurred within the measured temperature
range (Figure 3-8).

The MIT characteristics of the VO films, such as the magnitudes of resistivity
change, phase transition temperature (7¢) and width of hysteresis loop (AH) determined
from the resistivity—temperature curves are summarized in Table 3-2. 7. and AH values
of the films were calculated from the d(logR)/dé curve (Figure 3-9) using Equations (1)
and (2), respectively. The obtained VO; films exhibited a resistivity change of more than
two orders of magnitude. 7. and AH of the films were approximately 70 and 10 °C,
respectively. These values are similar to those obtained by vacuum and solution processes
[32,33], thus demonstrating that mist CVD is capable of producing VO: films with

excellent phase transition properties.
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Figure 3-7 Electrical resistance of the films deposited from water solution at 550—
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Figure 3-9 The first derivative curve with respect to temperature (6) of the log of the

resistivity (R) used for the determination of the phase transition temperature.

Table 3-2 Resistivity change, transition temperature (7¢) and width of the hysteresis loop
(AH) of the VO film deposited at 550 and 650 °C using water solution.
Deposition

Log(R30 °c/Rioo °c) T. (°C) AH(°C)
temperature (°C)

550 2.1 63 11

650 24 73 13
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3.3.5 Optical properties

Figure 3-10 shows the transmittance spectra measured at 26 and 100 °C for the VO-
film deposited at 650 °C from water solution. The near-infrared (NIR) transmittance of
the VO, film decreased with an increase in temperature from 26 to 100 °C. The
transmittance change was as large as 50 pp at a wavelength of 2500 nm. On the other
hand, the visible transmittance was nearly constant or increased with the increasing
temperature. The temperature-dependent salient change in the NIR transmittance is the
typical MIT behavior of VOo.

From the transmittance spectra, Tium and ATso of the film were determined to be
48.1% and 5.2 pp, respectively. Gao et al. [34] reported that Tium and AT of VO films
are in the range of 10%—50% and 1-10 pp, respectively. The VO film obtained in this
study showed a high Tium of 48.1% and a moderate AT of 5.2 pp, as compared to the
reported values.

Although Tium and ATso are often used as performance indicators for smart
windows, not all studies on VO films have reported these values. In particular, the values
for VO2 films grown by mist CVD in previous studies are unavailable in most cases.
Therefore, instead of 7ium and AT, the transmittance at a wavelength of 550 nm (7’550 nm)
and the transmittance change at a wavelength of 2500 nm between the low and high
temperatures (A72500 nm) [35—38] were used to compare the performance of the VO, films
obtained in this study with those prepared through other processes. High 7’550 nm and AT2500
nm are desirable for smart windows, as the former can save lighting, while the latter can
effectively control heat flow [39].

Figure 3-11 shows the values of 7550 nm and A7>500 nm for the non-doped VO single-
layer films prepared through various processes. 7550 nm and A72500 nm of the VO> film
obtained in this study were 47.8% and 57.6 pp, respectively. Compared to the values for
previously reported mist-CVD-grown VO films, 7550 nm of the film obtained in this study
was nearly the highest and its A72500 nm Was significantly higher.

Some VO, films prepared by other processes have higher values of either 7’550 nm or
AT>500 nm than the VO» film obtained in this study; however, the author did not find any

studies reporting higher values of both the parameters. As many studies have pointed out,
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T’s50nm and AT>500 nm Show a trade-off relationship [34], assuming the same quality of VO,.
For example, depending on the thickness of VO, one of these values will increase at the
expense of the other. Therefore, among the reported VO films, those with the data points
(7’550 nm, AT2500 nm) located within the zone connecting the highest 472500 nm and 7’550 nm
(the blue region) in Figure 3-11 can be considered to be of similar high quality. The VO»
film obtained in this study was located within this zone, thereby exhibiting excellent smart
window properties comparable to those of high-quality VO, films fabricated by other
methods.

The enhancement in the quality of the mist-CVD-grown VO films can be
attributed to the use of water as the solvent of the precursor solution; previous films were
formed from ethanol-based precursor solutions. According to previous studies, water
vapor atmosphere is suitable for stabilizing vanadium in the tetravalent state [16,17]. It is
known that the performance of smart windows decreases when V> and V>* contaminate
VO; [11-13]. The excellent thermochromic properties of the VO> film obtained in this
study can be attributed to the suppression of V3" and V>* contamination during the
deposition by the water solution used in the mist CVD process. Note that, although V°*
was detected in the VO- film by XPS (Figure 3-4a and c), it does not indicate the presence
of V°* in the bulk of the film because XPS only detects the surface elements.
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Figure 3-10 Transmittance spectra measured at 26 and 100 °C for the VO films deposited

at 650 °C
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Figure 3-11 Visible transmittance at a wavelength of 550 nm (7550 nm) and infrared
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temperature states (100 °C) (AT2500 nm) of VO, fabricated through vacuum processes (@)
[35,40-59], atmospheric pressure process (V) [60], solution processes () [31,38,61—

65] and the mist CVD method () [3-8].
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3.4 Conclusion

High-quality VO> films were fabricated through a mist CVD method, which can
deposit films at low cost and with high productivity. VO and V»0s3 films were obtained
using water-based and methanol-based precursor solutions, respectively. The obtained
VO, film showed a high visible transmittance and a large infrared transmittance change
compared to those of previously reported mist-CVD-grown VO, films. These values are
similar to those of high-quality VO. deposited by solution and vacuum processes,
demonstrating that mist CVD is a promising method for the fabrication of VO»-based

smart windows.
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Chapter 4

Formation of Uniquely Oriented VO Thin Film by
Topotactic Oxidation of V203 Epitaxial Film on R-
plane Al2O3

4.1 Introduction

In Chapter 3, the author described the fabrication of randomly oriented VO; films
by mist CVD and their thermochromic properties. The results indicated that the deposited
VO, is promising for application in smart windows. However, the usage of VO, films in
switching devices requires a large resistivity change across the MIT rather than excellent
thermochromic properties. Highly oriented VO films are suitable for switching
applications because they show larger resistivity changes across MIT (in the order of 10°—
10°) than randomly oriented polycrystalline VO, films (in the order of 10'-10°) [1-7].

In addition to the degree of orientation, the direction of orientation plays an
important role in improving the performance of the material and developing devices with
new functions. The crystal orientation of oxide films is known to affect their properties,
such as catalytic activity [8], chemical reaction rate [9], and electrical properties [10]. In
VO, the reaction rate of the insertion of H' ions, which triggers the phase transition
process, has been found to be anisotropic [11]. Taking the advantage of this anisotropy, a
synaptic transistor based on two differently oriented VO, films has been developed [12].

As a route for the fabrication of oriented VO: films, in addition to the direct
epitaxial deposition of VO, on a single crystal substrate [1,4], the topotactic oxidation of
V203 epitaxial films has been reported [13,14]. Topotactic oxidation is an oxidation
reaction in which the crystallographic orientation of the reactant determines the
orientation of the oxidation product. The formation of a biaxially oriented VO film by
the thermal oxidation of a V203 epitaxial film on a C-plane Al,O3 substrate has been
reported [13]. Furthermore, Okimura et al. reported that a VO film prepared via

topotactic oxidation exhibits larger resistivity change across MIT than an epitaxial VO2
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film directly deposited by sputtering [ 14].

Previous studies on the topotactic oxidation of V203 to VO; were performed only
for V,203 epitaxial films on a C-plane Al>O3 substrate. It should be interesting to know
whether the topotactic oxidation occurs in the same way even when an R-plane Al,O3
substrate is used because according to simple geometric calculations, the VO»
topotactically transformed from epitaxial V203 on R-plane AlbO3 shows unique
orientations to the substrate, which is difficult to achieve by direct epitaxial deposition.

In this chapter, the author reports thermal oxidation of V,03 epitaxial films on an
R-plane AlO3 substrate deposited by mist CVD. In addition, the crystallographic
orientations of the resulting VO» films are presented. The V203 epitaxial films were
thermally oxidized at different temperatures for various durations, and the optimal
conditions for obtaining a highly-oriented single-phase VO> film were determined. The
VO films showed unique orientations with the (231) or (231) planes almost parallel to
the substrate. These are out-of-plane orientations that have never been reported before.
The mechanism for the topotactic oxidation of V203 to VO and the contribution of the
substrate to the oxidation process were investigated. The VO, films formed via the
topotactic oxidation of V»0Os3 films showed a decrease of more than four orders of

magnitude in resistance across MIT, which is comparable to that of VO epitaxial films.
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4.2 Experimental

4.2.1 Materials

The precursor solution for the mist CVD of V.03 was prepared by dissolving
bis(acetylacetonato) vanadium oxide (98%, STREM, USA) in methanol (Wako, Japan) at
a concentration of 0.010 mol/L. An R-plane sapphire plate (R-plane Al203, KYOCERA,
Japan) was used as the substrate for the mist CVD process. Before use, the substrate was
washed sequentially with acetone, distilled water, and isopropanol in an ultrasonic cleaner

and dried by blowing air.

4.2.2 Mist CVD of V203

A custom-built hot-wall mist CVD system was used for the deposition of V203
films. The apparatus and procedure for mist CVD were the same as those described in
Chapter 3. The mist CVD was performed by supplying the precursor mist through N> at a
flow rate of 6.0 L min ! to the substrate heated to a predetermined temperature (450—
650 °C) for 10 min. After the mist supply was turned off, the substrate was cooled to

<100 °C in a furnace under the flow of N gas.

4.2.3 Thermal oxidation

The thermal oxidation of the deposited films was carried out in the CVD system.
The films were heated to 400—550 °C under the flow of N»>-1 vol.% O> gas at a rate of 5
L min"!. After reaching the predetermined temperature, the film was maintained at this
temperature for 30—240 min and then cooled to < 100 °C in the furnace under the flow of

N> gas.

4.2.4 Characterization of the films

XRD 6-26 measurements and pole figure measurements, SEM observation were
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carried out with same instruments as those described in Chapter 2 and 3. The electrical
resistance of the films was measured using the two-probe method with a source meter
(2450 SourceMeter, KEITHLEY) while changing the temperature of the films using a
custom-made oil bath. VESTA was used to analyze the atomic arrangements of V,0O3 and
VO [15].

Although the crystal structure of VO> was monoclinic during the characterization
at room temperature and rutile during the thermal oxidation, all the crystal orientations of
the VO films are expressed in the (pseudo) rutile notation for simplicity in this chapter,

in line with many other studies [12,13,16].
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4.3 Result and Discussion

4.3.1 V203 epitaxial growth by mist CVD

Prior to the fabrication of VO by thermal oxidation, the precursor V203 films were
prepared on R-plane Al,O3 substrates by mist CVD. V203 is expected to grow epitaxially
on an R-plane Al,O3 substrate, following the substrate crystallographic orientation,
because both V203 and Al,O3 show the corundum structure and the lattice mismatches
between them along the a-and c-axes are 4.1% and 8.3%, respectively.

Figure 4-1a shows the XRD 6-26 patterns of the films deposited at 450-650 °C.
All the films showed three diffraction peaks at 26 = 24°, 50°, and 79° corresponding to
the (012), (024), and (036) planes of V203, respectively. The absence of other detectable
peaks indicates that the films consisted of a single V203 phase. Furthermore, the detection
of only the diffraction peaks of the (012) and higher-order planes of V03 indicates that
the (012) plane in the as-deposited V,0s films was parallel to the substrate surface.

The in-plane orientation of the V,03 film deposited at 550 °C was identified by
analyzing its V203 (104) (26 = 33.1°) and Al,O3 (104) (26 = 35.1°) pole figures (Figure
4-1b and Figure 4-2a) after the deposition. By comparing the pole figures measured for
the bare substrate at the same 26 angle (Figure 4-1b vs. Figure 4-1d and Figure 4-2a vs.
Figure 4-2b), the diffraction spots for the film and substrate could be distinguished. All
the six diffraction spots in the V,03 (104) pole figure (Figure 4-1b) could be attributed to
the film and not to the substrate. Among the five spots in the Al,O3 (104) pole figure
(Figure 4-2a), the three intense spots marked by red circles correspond to the substrate,
while the other two weak spots marked with green squares correspond to V203 (110),
whose diffraction peak angle (26 = 36.2°) is close to that of A1,O3 (104) (26 = 35.1°).

The pattern of the spots marked with red circles in the V203 (104) pole figure of
the film (Figure 4-1b) is consistent with that of the A1,O3 (104) pole figure (Figure 4-2a),
indicating that the deposited film contained V>Os3 crystals grown epitaxially in accordance
with the crystal orientation of the Al,Os substrate, i.e., A1O3 (012)[100] // V20s3
(012)[100]. The V203 crystals with this orientation were denoted as (012)-oriented V20s.
The other three spots marked with white circles in the V203 (104) pole figure (Figure
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4-1b) indicate the presence of a V20s crystal with another orientation, which coincided
with the (012)-oriented V203 when rotated by 60° around the c-axis. The orientation of
this crystal with respect to the substrate was Al,O3 (012)[100] // V203 (102)[010]. The
crystal with this orientation was denoted as (102)-oriented V»03. The orientation
relationship between the two V203 crystals is shown in Figure 4-3. The positions of the
V203 (110) diffraction spots detected in the Al,O3 (104) pole figure (Figure 4-2a) can also
be explained by the presence of V203 crystals with these two orientations (Figure 4-2c¢).
The V203 (104) pole figures of the (012)- and (102)-oriented V203 (Figure 4-1¢) were in
good agreement with the pattern observed in the film (Figure 4-1b).

The films prepared at the other temperatures exhibited the same spot patterns in the
pole figures (Figure 4-4), indicating the presence of crystals with the aforementioned
orientations. Furthermore, the size of the diffraction spots indicates that the film deposited
at the higher temperature of 650 °C showed lower crystallinity. As shown in the later
section (4.3.3 Topotactic relationship), the presence of the crystals with a rotated

orientation in the V203 film did not affect the orientation of the resulting VO, films.
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Figure 4-1 (a) XRD 6-20 patterns of the films deposited by mist CVD at 450-650 °C on
R-plane Al>O3 substrates. (b) V203 (104) pole figure of the sample obtained after the
deposition at 550 °C. (¢) Simulation of the V203 (104) pole figure for a film composed of
(012)-oriented (A ) and (102)-oriented V203 (V). (d) Pole figure measured for the bare
substrate at 26 = 33.1° corresponding to the V203 (104) diffraction angle.
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Figure 4-2 Al>O3 (104) pole figures measured for (a) the sample after the film deposition
at 550 °C and (b) the substrate. (c) V203 (110) pole figure simulated for a film composed

of (012)-oriented V203 (A) and (102)-oriented V203 (V).
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Figure 4-3 Orientation relationship between the (012)- and (102)-oriented V203 crystals.
The black triangles are included to show the three-fold symmetric nature of V203 around

the c-axis.
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Figure 4-4 Pole figures measured for the V>0 thin films deposited on an R-plane AL,Os3
substrate at (a) 450 and (b) 650 °C.
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4.3.2 Oxidation to VO2

The V203 epitaxial film deposited at 550 °C was thermally oxidized at various
temperatures for various durations to obtain VO». Figure 4-5a shows the XRD 6-26
patterns of the samples oxidized at 400-550 °C for 30 min. The diffraction peaks
characteristic of V203 could be detected even after the oxidation at <450 °C. However,
the intensity of these peaks decreased with an increase in the oxidation temperature. When
the oxidation temperature was increased to 500 °C, the diffraction peaks corresponding
to V203 disappeared and no peaks were detected in the film. When the oxidation
temperature was further increased to 550 °C, diffraction peaks corresponding to V20Os
appeared. The trivalent oxide (V203) existed below 450 °C, while the pentavalent oxide
(V205) was generated at 550 °C. Therefore, the tetravalent oxide (VO2) was expected to
be generated at approximately 500 °C. However, no diffraction peaks of VO» were
detected for the sample oxidized at 500 °C.

Similarly, in the case of the samples oxidized at 450 °C for different durations, the
intensity of the V20; diffraction peaks decreased with an increase in the oxidation time,

and no diffractions were detected for the films oxidized for >120 min (Figure 4-5b).
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Figure 4-5 XRD 6-26 patterns of the samples after the oxidation (a) at 400-550 °C for
30 min and (b) at 450 °C for 30-240 min.

Although no VO diffraction peak was detected, VO, was expected to be formed
before the oxidation of V203 to V20s. Suspecting the formation of VO2 with a peculiar
orientation that was slightly off the substrate normal, the author performed pole figure
measurements at the 26 angles corresponding to the (101), (111), and (231) diffraction
peaks of VO, for the sample oxidized at 450 °C for 120 min. As shown in Figure 4-6a—c,
the diffractions at these 26 angles were clearly observed in the film when the sample was
tilted and rotated to specific angles, confirming the formation of VO, crystals with certain
orientations.

The crystal orientation of the VO, film obtained after the thermal oxidation at
450 °C for 120 min was identified by analyzing the VO> (101) pole figure (Figure 4-6a).

Assuming that the diffraction spot at (¢, ) = (180°, 90°) in the pole figure was attributed
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to (011), the calculations showed that the spot due to (011) could appear on the red line
drawn on the pole figure (Figure 4-7). Accordingly, the diffraction spot on the line at (o,
%) = (312°, 39°) could be attributed to (011). The directions of these planes uniquely
determined the orientation of the VO, crystal, and the spots at (o, x) = (316°, 84°), (0°,
90°), and (17°, 48°) corresponded to the (101), (011), and (101) planes, respectively.
In this orientation, the (231) plane of the VO crystal tilted a few degrees to the substrate.
The VO, crystal with this orientation is denoted as near (231)-oriented VO,. Here, the
author assumed that the diffraction spot at (¢, %) = (180°, 90°) was attributed to (011).
However, even if this discussion started with the assumption that any one of the
diffraction spots marked by the red circles in Figure 4-6a corresponded to any of the
{101} planes, the equivalent crystal orientation would have been derived.

However, the near (231)-oriented VO, did not explain the spots marked by the
white circles in the pole figure. Then, another assumption that the diffraction spot at (¢,
%) = (0°, 90°) was attributed to (011) leads to the conclusion that the spots at (¢, ¥) =
(224°, 84°), (180°, 90°), (228°, 39°), and (163°, 48°) corresponded to the (101), (011),
(011), and (101) planes, respectively. The VO in this orientation had (231) planes
tilted a few degrees to the substrate and was coincident with the VO, identified earlier
when it was rotated approximately 115° around the a-axis. The VO, crystal in this
orientation was denoted as near (231)-oriented VO,. The simulated patterns of the (101),
(111), and (231) pole figures of the near (231)-and (231)-oriented VO, are shown in
Figure 4-6d-f, reproducing the measured pole figures. The (231) pole figure (Figure
4-6¢) included the diffractions from the substrate (Figure 4-8). The matching of the
simulated and measured patterns confirms the orientation of VO» discussed here.

Figures 4-9d and e show the pole figures of the representative crystal planes of the
VO crystals with the two orientations. The (231) and (231) planes of these crystals
were almost parallel to the substrate surface but tilted by a few degrees. In these
orientations, any plane showing diffraction within the 26 range of 0-90° was not parallel
to the substrate, explaining the fact that no diffraction was detected in the normal 6-26

scan. No VO, film with these orientations has been reported previously.
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Figure 4-6 (a—c) XRD pole figures for the sample oxidized at 450 °C for 120 min
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measured at the 26 angles corresponding to the diffraction angles of (a) VO2 (101), (b)
VO, (111), and (c) VO2 (231). (d—f) Simulation of the (c) VO» (101), (d) VO2 (111), and
(e) VO2 (231) pole figures for a film composed of near (231)- () and (231)-oriented
VO;(e).
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270°

Figure 4-7 VO>(101) pole figure. Calculation on the assumption that the diffraction spot
at (¢, x) = (180°, 90°) corresponded to the (011) plane indicates that the (011)
diffraction spot could appear on the dashed line.

90°

270°

Figure 4-8 XRD pole figures measured for the bare substrate at 26 angles corresponding

to the diffraction angles of VO (231).
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Figure 4-9 Schematic representation showing the orientation relationship among the (a)
ADOs crystals of the substrate, (b, ¢) V20s crystals deposited on the substrate, and (d, )
VO> crystals produced by the oxidation of V,0s.The orientation of each crystal is

indicated by the poles of the representative crystal planes.

The same diffraction pattern was observed in the VO> (101) pole figures of the
samples oxidized at different temperatures for different durations (Figure 4-10),
indicating that all the samples oxidized under the conditions investigated in this study
consisted of near (231)- and (231)-oriented VO,. However, on the basis of the 6-26
scan, it can be stated that only the films oxidized at 450 °C for >120 min and at 500 °C

for 30 min consisted of single-phase VO..
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Figure 4-10 VO2(101) pole figures of the samples after oxidation (a—d) at 400-550 °C for
30 min and (e, f) at 450 °C for 60 and 240 min.
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The surface morphologies of the films before and after the oxidation were
investigated using SEM. The as-deposited V203 film showed a relatively rough surface
composed of grains with a size of approximately 100 nm (Figure 4-11a). When the film
was oxidized at <500 °C, VO, was formed, as confirmed by the XRD results, and the
grains became finer, forming a smoother surface (Figure 4-11b—d). However, the film
oxidized at the highest temperature of 550 °C, in which V205 was formed (as indicated
by the XRD results), consisted of flake-shaped grains (Figure 4-11¢). Flake-shaped grains
were also observed in the film oxidized at 500 °C (Figure 4-11d). Although the XRD
pattern of the film oxidized at 500 °C showed only VO diffraction peaks, its morphology
indicated the presence of a small amount of V20s. The films oxidized at 450 °C for 30—
120 min also showed smooth surface because of the formation of VO> with an increase
in the oxidation time. However, the film oxidized for a longer duration of 240 min showed
flake-shaped grains on the surface, suggesting contamination with V20Os. Therefore, the
oxidation temperature and duration of 450 °C and 120 min, respectively, were the best
conditions for obtaining films with a smooth surface composed of single-phase VO,. The
cross-sectional SEM images (Figure 4-11i and j) showed that the surface of the V,0; film
smoothened after the oxidation and its thickness increased from approximately 100 to 120
nm. The volume expansion ratio of the film measured from the SEM images was
consistent with the value calculated for the oxidation of V203 to VO2 (~1.3) based on their

densities (4.87 g cm™ for V203 and 4.34 g cm™ for VO»).
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Figure 4-11 (a—h) Surface morphologies of the (a) as-deposited V203 film; (b—e) films
oxidized for 30 min at (b) 400 °C, (c) 450 °C, (d) 500 °C, and (e) 550 °C; and (f~h) films
oxidized at 450 °C for (f) 60 min, (g) 120 min, and (h) 240 min. The arrows in the images
indicate flake-shaped grains. (i,j) Cross-sectional SEM images of the films (i) before and
(j) after the oxidation at 450 °C for 120 min.
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4.3.3 Topotactic relationship

The formation of VO, films with specific orientations from the epitaxial V.03 film
indicates that the oxidation was topotactic. Both the V203 and VO, crystals (before and
after the oxidation, respectively) had two orientations. Each V,0; crystal could be
randomly transformed into a VO crystal in either direction. This was confirmed by the
fact that the intensities of the diffraction peaks of the two oriented VO> crystals were
always the same irrespective of the abundance ratio of the two orientations of the V203
crystals before the oxidation (Figure 4-12). The abundance ratio of the V,03 orientations
depended on the deposition temperature, as indicated by the diffraction intensities in the

pole figures (Figure 4-1b and Figure 4-4).

(@) o

270°

Figure 4-12 (a) V203 (104) pole figure of the V03 film deposited at 450 °C. The
diffraction spots indicated by green and orange squares are attributed to the (012)- and
(102) oriented-V20s3 crystals, respectively. The intense diffraction from the (012)- and
(102) oriented-V»03 crystals indicates that (012)-oriented crystals are present more than
the (102)- oriented crystals. (b) VO2 (101) pole figure of the sample formed after the
oxidation of the V20; film. The diffraction spots indicated by red and white circles are
attributed to the near (231)-oriented VO, and (231)-oriented VO crystals. The similar
diffraction intensities from the two differently oriented crystals indicate that the two

orientations were equally present in the film.
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To clarify the topotactic relationship, the orientation relationship between the as-
deposited V203 and the VO, resulting from the thermal oxidation of V203 was analyzed
based on their pole figures. The comparison of the pole figures in Figure 4-9 shows that
because the position of the V203 (001) pole was consistent with that of the VO (100)
pole irrespective of the orientation of the crystals, the V203 and VO, crystals had a relative
orientation such that V>O3 (001) // VO2 (100) (see black arrows in Figure 4-9). With
respect to the in-plane orientation of these planes, four relationships appeared to be
established depending on the combination of the V203 and VO crystals: e.g., V203 [120]
// VO3 [011] between (012)-oriented V203 and near (231)-oriented VO, and V2053 [120]
// VO, [011] between (012)-oriented V203 and near (231)-oriented VO (see gray arrows
in Figure 4-9). However, taking into account the three- and two-fold symmetry of the
crystal structures of V203 and VO; along the axes normal to V203 (001) and VO (100),
respectively, these four relationships can be summarized as follows:

V203 (001) // VO, (100) and V203 [120] // VO, [011]

Owing to the similarity in their atomic arrangements, the crystal structures of V203
(corundum) and VO, (rutile) can be regarded as the derivatives of the NiAs-type structure.
These crystal structures are shown in Figure 4-13a—c. In the NiAs-type structure, anions
form a hexagonal close-packed structure, and their octahedral sites are occupied by
cations. The structure of V203 (corundum) is similar to that of O and V atoms occupying
all the anion sites and 2/3 of the cation sites of the NiAs structure, respectively. In VO»
(rutile), O and V atoms occupy all the anion and 1/2 of the cation sites of the NiAs
structure. Thus, both V203 and VO: can be regarded as having a framework almost same
as that of the NiAs structure. From this perspective, the aforementioned orientation
relationship between V203 and VO; indicates that the orientations of their corresponding
NiAs-based frameworks were identical, i.e., V203 oxidized to VO, while retaining the
NiAs-based framework.

In this oxidation process, the occupancy of the anion sites by O remained
unchanged, while that of the cation sites by V decreased from 2/3 to 1/2. This indicates
that the oxidation proceeded as V diffused out from the V203 phase, while the structural
frame composed of O was retained. The V atoms that diffused out formed an additional

VO> layer on the crystal surface by reacting with the oxygen from the gas phase.
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Simultaneously, in the V20; region at the interface with VO, where the number of V
atoms reduced, the rearrangement of the remaining V atoms among the cation sites might

have occurred, completing the transformation to the VO; phase (Figure 4-13d).

(a) NiAs type (b) V,04(corundum) (¢) VO, (rutile)

°.C
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Figure 4-13 Atomic arrangements of (a) NiAs-type, and (b) V203 (corundum), and (c)
VO; (rutile) structures. The green planes illustrated in the top views are translucent and
were inserted at the positions indicated by the green dotted lines in the side views. The
V203 and VO unit cells are indicated by red lines. (d) Transformation process from V203

to VO> by oxidation.
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As discussed earlier, the oxidation of V203 to VO retains the NiAs-based
framework. In this oxidation process, even though the NiAs-based framework is retained,
VO> crystals with multiple orientations can be generated because the actual crystal
structure of VO is less symmetric than the NiAs structure. VO2 and NiAs are two- and
six-fold symmetric, respectively, along the c-axis of the corresponding NiAs structure.
Therefore, a V203 crystal could be transformed into three VO, crystals with orientations
that were three-fold symmetric with respect to each other. On the other hand, the (012)-
oriented V203 and its 60° rotated crystal, i.e., the (102)-oriented V203, which was present
in the as-deposited V203 films, shared the same NiAs-based framework. Accordingly, the
oxidation of an epitaxial V203 film should result in a VO film composed of crystals with
three orientations at the maximum (Figure 4-14), regardless of the presence of rotated
crystals in the initial epitaxial V,0s film. Indeed, Yamaguchi et al. [13] reported that the
oxidation of a (001)-oriented V203 film on a C-plane Al>O3 substrate results in a VO film
containing crystals with three orientations equivalent to the aforementioned orientation

relationship (V203 (001) [120] // VO2 (100) [0TT]).

Figure 4-14 Schematic representation showing the orientations of the V,0s crystal on the

Plane parallel to
the substrate

R-plane substrate and the three VO- crystals that could be generated by the oxidation of
the V03 crystal retaining its NiAs-based framework. The V203-to-VO; transformation
accompanied a large shrinkage of the crystal lattice along the b-axis of VO (this direction
is shown by the arrows in the figure). Among these three VO crystals, the one with the

b-axis parallel to the substrate surface (illustrated on the right) was not formed.
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However, in this study, the V203 film on an R-plane Al,O3 substrate oxidized into
VO, with only two orientations (near (231)-and (231)-oriented VO). Among the three
expected orientations, the orientation in which the b-axis of the VO crystal was parallel
to the substrate surface was not realized. A possible reason for the absence of this
orientation is that the transformation of V>O3 into VO» with this orientation accompanies
large distortion of the crystal lattice in the direction parallel to the substrate. When V203
is oxidized into VO, the crystal lattice shrinks by 2.1%, 8.1%, and 0.3 % along the a-, b-,
and c-axis of the VO, crystal, respectively (Figures 4-13b and c). Namely, the lattice
shrinks the most along the b-axis of VO.. During the oxidation of a film on a substrate,
the crystal lattice of the film should shrink more easily in the direction normal to the
substrate than in the direction parallel to the substrate because the film is constrained by
the substrate. Therefore, the oxidation in which the b-axis of VO, becomes parallel to the
substrate surface does not occur in the case of V203 films deposited on an R-plane Al,O3
substrate. On a C-plane Al,O3 substrate, the orientation relationship between each of the
three VO crystals and the substrate is identical. Hence, crystals with three different

orientations are formed.

4.3.4 Resistance change across MIT

The temperature-dependent resistance of the VO» film fabricated by topotactic
oxidation was examined to investigate its phase transition behavior. As shown in Figure
4-15, the resistance of the film oxidized at 450 °C for 120 min decreased dramatically at
approximately 70 °C during heating and returned to its original value at approximately
60 °C during cooling. This temperature dependence of resistance is the typical MIT
behavior of VO,. By averaging the transition temperatures observed as the peak in the
d(log R)/dT curve during heating and cooling (Figure 4-16), the phase transition
temperature (7¢) of the film was determined to be 66 °C. This Tt value is typical of VO>
[17-19]. The resistance of the film changed by four orders of magnitude with a change in
temperature from 50 and 80 °C. The film oxidized at 450 °C for 120 min showed the
largest change in resistance among all the films oxidized in this study (Figure 4-17). The

change in the resistance of a VO film across MIT becomes less significant when it is
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contaminated by V*or V>* [20]. The film oxidized at 450 °C for 120 min showed only
VO diffraction peaks (XRD pattern) and no flake-shaped grains, which suggested the
presence of V2,05 (SEM images). Therefore, the large resistance change of the film can
be attributed to the suppression of V3" and V> contamination. The resistance change of
the VO, film prepared by topotactic oxidation in this study is comparable to the maximum
value for VO thin films prepared by other processes, including direct epitaxial deposition

[18]. No clear features attributed to the unique orientation of the film were observed in

the MIT properties.
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Figure 4-15 Temperature dependent resistance of the VO film formed by the oxidation
of V203 at 450 °C for 120 min.
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Figure 4-16 d(Log R)/dT derivative curves of the VO; film oxidized at 450 °C for 120
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Figure 4-17 Temperature dependent resistance curves of the films obtained after the
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4.4 Conclusion

Oriented VO films were fabricated by the thermal oxidation of V>0Os3 films grown
epitaxially on an R-plane Al>O3 substrate. The epitaxial V203 film prepared by mist CVD
consisted of crystals with two orientations, which were rotated by 60° around the c-axis
with respect to each other. The oxidation of the V2O; film under the flow of N>—1% O>
gas at 450 °C for 120 min resulted in the formation of a film composed of single-phase
VO, with a smooth surface. The VO film had a unique orientation where the (231) or
(231) planes were almost parallel to the substrate surface but tilted a few degrees. The
orientation relationship between the V203 and VO films and the atomic arrangements of
their crystals indicated that the crystal structures of both V203 and VO: had almost the
same NiAs-type structural framework and the oxidation proceeded topotactically while
retaining the NiAs-based framework. Although the crystallographic symmetry shows that
this transformation retaining the NiAs-type structure can form VO crystals with three
different orientations, the oxidation of the V203 epitaxial film on the R-plane Al,O3
substrate resulted in the formation of a VO» film composed of crystals with only two
orientations. The limitation in the orientation can be attributed to the large shrinkage of
the crystal lattice of the film, which is unlikely to occur in the direction parallel to the
substrate. The resistance change across the MIT of the obtained film was over four orders
of magnitude, which is comparable to that of directly deposited epitaxial VO, films. The
topotactic oxidation approach, which was used in this study to produce oriented VO, films
exhibiting large resistance change, can be used for the development of novel devices

exploiting the potential anisotropic properties of VO,.
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Chapter 5 General Conclusion

In this study, the author reported the fabrication of MoO, and VO, films using the
mist CVD method, which can fabricate films with lower energy consumption and lower
manufacturing costs. The effects of substrate position, deposition temperature, and
solvent on the properties of the resulting films were investigated to obtain MoOz and VO»
films with excellent properties. In addition, the thermal oxidation of mist-CVD-grown
V7203 epitaxial films was explored to fabricate highly oriented VO> films, and the
properties of the resulting films were investigated. The results obtained through this study

are summarized as follows.

Chapter 2

MoO: thin films were fabricated by mist CVD using acetylacetonate salt as the
precursor. The MoO: films were deposited at furnace temperatures of > 440 °C; however,
an additional phase was obtained for the MoO; films deposited at a furnace temperature
of 550 °C. Examination of the films deposited at various positions in the furnace at
different furnace temperatures revealed that smooth MoO; films composed of densely
packed crystal grains with a constant thickness of 200 nm could be obtained over an area
>30 cm? at a furnace temperature of ~480 °C. The MoO: films showed a low electrical

resistivity of 2 x 107> Q cm.

Chapter 3

VO, films were fabricated by mist CVD and their thermochromic properties were
investigated. The author investigated the effect of the solvent of the precursor solution on
the resulting film. Films consisting of a single phase of VO2 were formed when a water-
based precursor solution was used. In contrast, V203 films were formed when a methanol-
based precursor solution was used. The VO> film deposited using the water solution
exhibited high visible transmittance with a large change in the infrared transmittance with
temperature change compared with those of mist-CVD-grown VO, films reported earlier.
These values were similar to those of high-quality VO> deposited by solution and vacuum

processes.
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Chapter 4

Highly oriented VO, films were fabricated by the thermal oxidation of a V03 film
grown epitaxially on an R-plane Al>O; substrate. The epitaxial V203 film prepared using
mist CVD consisted of crystals with two orientations, which were rotated by 60° around
the c-axis with respect to each other. The oxidation of the V>3 film under a flow of No—
1% O2 gas at 450 °C for 120 min resulted in the formation of a film composed of single-
phase VO, with a smooth surface. The VO: film had a unique orientation in which the
(231) or (231) planes were almost parallel to the substrate surface but tilted by a few
degrees. The orientation relationship between the V203 and VO; films and the atomic
arrangements of their crystals indicated that the crystal structures of both V203 and VO,
had almost the same NiAs-type structural framework and the oxidation proceeded
topotactically while retaining the NiAs-based framework. Although the crystallographic
symmetry shows that this transformation retaining the NiAs-type structure can form VO2
crystals with three different orientations, the oxidation of the V203 epitaxial film on the
R-plane Al,Oj3 substrate resulted in the formation of'a VO» film composed of crystals with
only two orientations. The limitation in the orientation can be attributed to the large
shrinkage of the crystal lattice of the film, which is unlikely to occur in the direction
parallel to the substrate. The resistance change across the MIT of the obtained film was
over four orders of magnitude, which is comparable to that of directly deposited epitaxial

VO, films.
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Future perspective

Chapter 2

Dense and uniform MoO: films were fabricated over a large area (>30 cm?) using
mist CVD. The electrical conductivity of these films was higher than that of MoO; films
fabricated using a solution process. MoO: films fabricated using the solution process were
studied for application in batteries having higher energy density and efficient hydrogen
evolution catalysts. Therefore, MoO: films with higher conductivity fabricated using the

mist CVD method, can be used to improve the performance of these devices.

Chapter 3

Single-phase of VO films were fabricated using mist CVD. The VO: films exhibit
excellent thermochromic properties, and thus, their use in smart windows is expected to
increase. In this chapter, the effects of the precursor solution solvent on the oxidation
states of vanadium oxide films deposited by mist CVD are clarified. This knowledge
contributes to the use of mist CVD for other metal oxides, in which the metal has multiple

oxidation numbers such as oxides of tungsten, chromium, and tin.

Chapter 4

VO films with unique orientations were fabricated by the topotactic oxidation of
the V20; epitaxial film. However, no clear features attributed to the unique orientation of
the VO, film were revealed by the temperature-dependent resistance curve. Investigation
of the MIT behavior via H" insertion could reveal the features attributed to the unique
orientation of the VO, film and contribute to the development of novel devices using the
anisotropic properties of VOo.

The detailed mechanism that determines the orientation of VO, fabricated by the
topotactic oxidation of the V,0s epitaxial film was revealed. The proposed mechanism
can contribute to the fabrication of metal oxide thin films with various orientations by

topotactic reaction.
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