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General Introduction



2 Chapter 1

Metal oxides were used from old times for inorganic materials such as fireproof
materials, building materials, pigments, glasses, catalysts, and so on. There are
a large number of research work with respect to the preparation, structure, and
properties.

Recently, transition metal oxides and/or multi-component oxides have attracted
interests as functional inorganic materials in the fields of electrically and optically
application. They possess various electrical and optical properties, because they
contain an element in more than one valence state, and electron transition from low
valence state ion to high valence state ion is occurred. Such materials are used as
thin films in many cases. At present, these metal oxide and/or multi-component
oxide thin films were widely used for semiconducting materials, dielectric materials,
sensor, electrode materials, catalysts, optical logic devices, and so on.

vacuum evaporation

physical methods ————dry processes sputtering
ion plating
dry processes — VD

chemical methods

electrodeposition

wet processes

electrolessdeposition

sol-gel method
spin coating
dip coating

Figure 1.1. Classification of preparing methods of thin films.

Generally, methods for preparing thin films can be classified into physical method
and chemical method. Physical method includes dry processes such as vacuum evap-
oration and sputtering. And chemical methods includes dry process such as chemical
vapor deposition (CVD), and wet processes such as electrodeposition, electroless-
deposition, dipping and spin coating of sol-gel regents (Fig. 1.1). Both types of
processes are widely applied to prepare many kinds of metal oxides and have been
studied in detail. However, there are several problems associated with these pro-
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point materials.

Methods Advantages Problems
Vacuum e Most popular process. e Require special apparatus
evaporation ¢ Thickness control is easy. and high energy.
e Disqualification for high-
melting point materials.
Sputtering e Possible for high-melting e Require special apparatus

and high energy.

Chemical vapor
deposition (CVD)

e Possible for various
kinds of compounds.

e Require special apparatus
and high energy.

Electro-

e Low-temperature process.

o Restricted to electrical

e Dose not require special
apparatus.

deposition e Homogeneous thin films conductive substrates.

are formed.
Sol-gel e Operation and composition | ¢ Require heat-treatment.
method control are easy. ¢ Difficult to preparation on

complex morphologies.
¢ Sol-gel regents

are expensive.

Table 1.1. Characteristics of methods for preparing thin films.

cesses. Physical processes are difficult to control the precise composition of metal
oxides. Dry processes require special apparatuses for deposition of films, and they
are not suitable for the preparation of thin films on substrates with large surface
areas because they need vacuum or low pressure in operation. Vapor deposition is
disqualification for materials which have high melting point. For wet processes, sub-
strates are restricted to electrical conductive materials for electrodeposition method,
and for the sol-gel method, it is difficult to preparation of thin films on substrate
with complex morphologies.

In 1988, a novel wet process has been developed for the preparation of SiO; thin
films [1]. This process is called Liquid-Phase Deposition (LPD) method. In this
process, it is possible to form SiO; thin films directly on the substrate immersed
in a mixed solution of hydrofluorosilisic acid (H3SiFg) supersaturated with silica
gel and boric acid (H3BO3) or metal aluminum [1, 2]. SiO; thin film is formed
by means of ligand-exchange (hydrolysis) equilibrium reaction of [SiFg]>~ and F~
consumptive reactions by boric acid or aluminum metal as F~ scavenger. In the
solution, following ligand-exchange (hydrolysis) equilibrium reaction of H,SiFg is
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presumed:
H,SiF¢ + 2H,0 = 6HF + SiO, (1.1)

The equilibrium reaction (1.1) is shifted to the right-hand side by the addition of
boric acid or aluminum metal, which react readily with F~ ions and form stable
complex ions as follows:

H;BO; + 4HF = BFj + H;0% + 2H,0 (1.2)

Al + 6HF < H;AIFg + 3/2H, (1.3)

More generally, Eq. (1.1) is represented as follows:
MFE=2~ 4 nHy0 & MO, + zF~ + 2nH* (1.4)

It suggests that the LPD method can be applied to other metal oxides.

The LPD method is very simple process and does not require any special equip-
ment such as vacuum system. It is, moreover, readily to apply to various kinds of
substrates with large surface areas and complex morphologies, and multi-component
oxide thin films can be formed readily by the addition of the objective metal ions to
the treatment solution, because the LPD method is performed in aqueous solution
system which is typical homogeneously mixing system.

Since Nagayama et al. [1] firstly reported the formation of SiO. thin films by
the LPD method in 1988, the LPD method has attracted interests as soft and mild
process to preparation of thin films. Until now, several studies have been made with
respect to the formation of SiO, thin films by the LPD method. Preparation and
characterization of SiO, thin films by the LPD method were made by Hishinuma et
al. [2], Homma et al. [3], and Yeh et al. [4, 5, 6, 7]. Nitta and Kimura [8] applied
to the LPD method to preparation of SiO, thin films on stainless steel substrate,
and Suzuki et al. [9, 10] and Nagamura et al. [11] prepared dye doped SiO. thin
films by the LPD method. Huang et al. [12] studied the photoirradiation effects
on the deposition rate of SiOy. Growth mechanisms of the SiO; thin films by the
LPD method were studied by Awazu et al. [13] and Chou et al. [14]. Applications
of the deposited SiO; thin films by the LPD method for metal-oxide-semiconductor
capacitor or transistor [15, 16, 17, 18], interlayer dielectric films in ULSI [19, 20, 21],
and solar cell [22] were supposed.

Although several studies have been made with respect to the SiO, thin films as
mentioned above, the extension of the LPD method to the other metal oxide thin
films have never been studied. The purpose of the present work is preparation and
characterization of various kinds of metal oxide and multi-component oxide thin
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) : F~ scavenger
MF, aqueous solution (H3BOj3 or Al metal)

dipping substrates

reaction for several tens of hours
at ambient temperature

L/
VAN

washing and drying

\__—/'f — @On thin films)

Figure 1.2. Preparation of MO, thin films by the LPD method and schematic
diagram of reaction cell.

films by the LPD method. Mechanisms of the deposition of the films were also
discussed.

The present thesis consists of following eight chapters.

In Chapter 1, a general introduction was given, and the purpose and construction
of present thesis were described.

The experimental, results and discussions were mentioned in detail in the follow-
ing six chapters.

In Chapter 2, the preparation of titanium oxide thin films by the LPD method
was described. Formed films were characterized by X-ray diffraction (XRD), IR ab-
sorption spectroscopy, and scanning electron microscope (SEM) observation. Pho-
toelectrochemical properties of the deposited films were also investigated.

In Chapter 3, the quartz crystal microbalance (QCM) technique was applied
to investigate formation of titanium oxide thin films by the LPD method. This is
the first attempt to monitor the thin film formation by the LPD method with the
QCM method. The concentration effects of reactants on film deposition rate were
discussed.

In Chapter 4, the LPD method was applied to the preparation of vanadium
oxide thin films. The formed films were characterized by XRD, IR absorption spec-
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troscopy, thermal analysis, electron spin resonance (ESR), and SEM observation.
Optical absorption spectra of the treatment solutions were also measured in order
to investigate the dissolving species, and deposition mechanism was discussed. Elec-
trochemical and optical properties related to electrochromism were also investigated.

In Chapter 5, preparation of vanadium dioxide by the LPD method was de-
scribed. Electrical properties with respect to semiconductor-to-metal phase transi-
tion behavior of the obtained VO, thin films were investigated.

In Chapter 6, preparation of iron hydroxide and oxide thin films by the LPD
method was described. The formed films were characterized by XRD, IR absorption
spectroscopy, and SEM observation. Deposition mechanism was discussed.

In Chapter 7, preparation of Au-dispersed titanium oxide thin films by the
LPD method and subsequent heat treatment or ultraviolet photo-irradiation was
described. Optical properties of the formed films were discussed.

In Chapter 8, the summary of the present thesis was given.
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2.1 Introduction

Transition metal oxide thin films, which have various kinds of optical and electrical
properties, are very widely used as inorganic functional materials in the fields of
application. Generally, these metal oxide thin films were prepared by some dry
processes such as sputtering and C. V. D., and some wet processes such as sol-gel
method. Recently, a new wet process to prepare metal oxide thin films has been
developed. This process is called Liquid-Phase Deposition (LPD) process [1]. In
this process, metal oxide thin films could be deposited on the immersed substrates
by using chemical equilibrium reaction between metal fluoro-complex ion and metal
oxide in an aqueous solution system. This process is easy to apply to any kinds
of substrates with large surface areas and/or complex morphologies without special
equipment at ambient temperature.

There has been much interest in the use of semiconducting oxide electrodes to
accomplish the photoelectrolysis of water. A great number of studies have been car-
ried out on especially TiO; of n-type semiconductor, since Fujishima et al. [2] found
that TiOy (rutile) single crystal decompose water with assistance of illumination.
This photo-assisted electrolysis of water has also been observed for polycrystalline
TiO,. Moreover, it has been suggested that TiO, (anatase) has a stronger catalytic
activity for water decomposition than TiO, (rutile) [3], and it can decompose wa-
ter without any application of external bias [4]. From these point of view, TiO,
(anatase) is advantageous to use as photo-sensitive electrode for solar energy con-
verter. To use for TiO; electrode for large-scale energy converter, it is advantageous
that polycrystalline TiO, film electrode which has large area is utilized in place of
TiOq single crystal one. There are many proposal to prepare such polycrystalline
TiOq film. For example, CVD [5], anodic oxidation and thermal oxidation of Ti
metal [6, 7, 8], and sol-gel method [9)].

In this chapter, the author reports the preparation and characterization of tita-
nium oxide thin films by using the LPD method. Photoelectrochemical properties
of the deposited films were also described.

2.2 Experimental

2.2.1 Liquid-phase deposition process

As parent solutions, hexafluorotitanate ammonium [(NHg4).TiF¢; Kishida Chemical

Co. Ltd.] and boric acid (H3BOg; Nacalai Tesque Inc.) were dissolved in distilled

3

water at concentrations of 0.5 mol dm™>. These solutions were mixed at various
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compositions and used as the treatment solution for deposition. Non-alkali glass
(Corning, # 7059) was used as the substrate. After being degreased and washed
ultrasonically, the substrate was immersed in the treatment solution and suspended
therein vertically. Temperature of the treatment solution was kept at 25 °C. After
appropriate reaction time, the substrate was removed from the treatment solution,
washed with distilled water and dried at ambient temperature. Some of the de-
posited films were heat-treated at various temperatures in an air flow.

2.2.2 Characterization of the deposited films

X-ray diffraction (XRD) studies of the deposited films were measured with a Rigaku
RINT 2100 diffractometer, using Cu Ka radiation (40 kV, 40 mA). IR absorption
spectra of the deposited films were measured with an IR spectrophotometer A-302
(Japan Spectroscopic Co. Ltd.). The surface morphologies of the films were observed
with a scanning electron microscope (SEM; Hitachi, S-2500). The film thickness of
the deposited transparent films, which showed interference color, were derived from
the visible spectra of the films by interference method.

2.2.3 Photoelectrochemical properties of the deposited films

In order to study photoelectrochemical properties, the films were formed on indium
tin oxide (ITO) coated glass substrates. The ITO film layer is transparent conductor
with sheet resistance of 30 Q sq.”!, and copper wire was connected to this layer.
Electrochemical measurements were performed in a 0.1 mol dm~—3 Na;SO, solu-
tion using a potentiostat (Hokuto Denko Ltd., PS-5000) and a function generator
(NF Circuit Design Block Co. Ltd., FG-106T) with a three-electrode system. Pt
plate electrode and saturated calomel electrode (SCE) were used as a counter and a
reference electrode, respectively. The deposited TiO, film electrode was illuminated
through a quartz window in the cell wall using a 100 W high-pressure mercury lamp
USH-102D (Ushio Denki Co.) with a power supply HB-101A (Ushio Denki Co.).

2.3 Results and Discussion

2.3.1 Characterization of the deposited films

After reaction for several tens of hours, hazy or transparent films were deposited on
the substrates. These films showed strong adherence to the substrate.
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Figure 2.1. Relationship between aspect and chemical composition of the deposited
film and the concentrations of (NH,4).TiFs and H;BOj3. ®: hazy anatase, O: trans-
parent anatase, A: NH4TiOF3, x: no deposition. Reaction time: 40 h.
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Figure 2.2. X-ray diffraction patterns of the deposited films heat-treated at various
temperatures. (a): As-deposited film, (b): heat-treated at 400 and (c): 500 °C. O:
TiO, (anatase). Concentration of (NH4),TiFg: 0.10 mol dm~2 and of H3BO3: 0.20
mol dm~3. Reaction time: 40 h.

According to the aspects of the deposited films, the concentration range of
(NH4).TiF¢ and H3BOj is classified into four groups (Figure 2.1). From XRD stud-
ies of the deposited films, it was found that the deposited film was hazy anatase at
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the region I, and that at the region II was transparent anatase. Peak intensity of
the diffraction of anatase for the film deposited at region II was larger than that for
the region I film. At the region III, micro-crystalline of NH,TiOF3; was formed on
the substrate. At the region IV, any deposition was not recognized. Crystallinity of
the deposited films were improved by heat treatment, but the diffraction peaks of
rutile were not observed after heat treatment above 600 °C (Fig. 2.2). When another
substrates such as alumina ceramic plate or stainless steel were used, similar results
were obtained.

In IR absorption spectrum of the as-deposited film, absorption bands at 3200,
1620, and 1400 cm™! were observed. Absorption bands at 3200 and 1620 cm™!
are assigned to an O-H stretching mode and H-O-H deformation mode, respectively.
These bands are assigned to the physically and chemically adsorbed water molecules.
The LPD process is performed in an aqueous solution system, water molecules were
absorbed and adsorbed readily. Absorption band at 1400 cm™! is assigned to N-H
deformation mode of NHf. NHj which were contained in (NH4),TiFg, which is
one of the source materials for deposition, were enclosed in the deposited oxide film
during the reaction. These bands disappeared by the heat treatment above 300 °C
completely.

For the ligand-exchange (hydrolysis) of [TiFs]?~ ion in aqueous solution, the
following equilibrium scheme has been proposed by Schmitt et. al. [10].

[TiFg)?~ + nH,0 & [TiFs_,(OH),]>~ 4+ nHF (2.1)

However, under the law of mass action, the equilibrium can be shifted to the right-
hand side by the addition of H3BO3 as F~ scavenger into the solution. H3;BOj;
readily reacts with F~ ions and forms stable complex ion as follows [11]:

H;BO; + 4HF = HBF, + 3H,0 (2.2)

The addition of H3BOj3 leads to the consumption of non-coordinated F~ ions and
accelerates the ligand-exchange (hydrolysis) reaction. From the results of XRD stud-
ies, which showed the deposited film was TiO,, it is considered that the deposition
of TiO, thin film arose through the dehydration reaction among [Ti(OH)g)?~, which
was generated by the ligand-exchange (hydrolysis) reaction of [TIFg]?~. In the re-
gion III, added H3BO3 was insufficient for the ligand-exchange (hydrolysis) to be
completed because the concentration of (NH4),TiFg is high; consequently, titanium
oxy-fluoride was supersaturated and deposited on the substrate.

Figure 2.3 shows relationship between film thickness and reaction time. The
film thickness of the film deposited at region II increased linearly with reaction time
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Figure 2.3. Dependence of film thickness on reaction time. Concentration of
(NH,4),TiFg: 0.1 mol dm~2 and of H3BO3: 0.2 mol dm™3.

up to 80 h. The deposition rate was reduced, when reaction time was more than
80 h. It can be said that the decreasing of the concentration of the reactant led to
decreasing of the deposition rate. The deposited film was peeled off when reaction
time was more than 130 h. The deposition rate of the film was depended on the
concentration of added H3BO3 as F~ scavenger (Figure 2.4). The deposition rate
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Figure 2.4. Relationship between the deposition rate and the concentration of
H3BO3. Concentration of (NH4)2TiFg: 0.1 mol dm=3.
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increased linearly with concentration of H3BO3 up to 0.25 mol dm~3. This indicates
that the rate-determining step of the TiO4 thin film formation by the LPD method
is F~ consuming reaction by H3;BO3.

Figure 2.5. SEM photographs of the deposited films. (a): Region I and (b): region
IL

Figure 2.5 shows SEM photographs of the films which were formed at the region
I and II. The films were cunstructed of small particles. Constructed particles of
region I film are several hundreds of nanometers which diffuse visible ray, thus, the
region I film was hazed. On the other hand, constructed particles of region II film
are less than 20 nm, which are smaller than wavelength of visible ray; therefore, the
film formed at the region II was transparent. Some cracks were also observed for the
region II film. It is considered that these cracks were generated by internal stress of
the film due to contract of the film by dissociation of water on drying procedure.

2.3.2 Photoelectrochemical properties of the deposited films

For the measurements of the photoelectrochemical properties, the films formed in
the region I, that is TiO, (anatase) films were used. Figure 2.6 shows photocurrent-
potential curves of the region 1 films heat-treated at various temperatures. The
as-deposited film did not show photaelectrocheniical behavior. For the films formed
in the region II, similar results wers obtained. For all samples, dark current were
verv smal!, so oniy photocurrents ware represented in the figure. The anodic current
due to the deco.nposition of water waz observed from ca. —0.6 V under illumination.
The photocurrents of the filins heat-treated at 400 and 500 °C increased in two steps
and show almost consta:.. “hove ca. {* V. The two step increasing is also observed
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Figure 2.6. Photocurrent-potential curves of the deposited films heat-treated at
various temperatures. Films heat-treated at 100 (a), 200 (b), 300 (c), 400 (d), 500
(e), and 600 °C (f).

by Displat [12] for the TiO, (rutile) single crystal and Yoko et al. [4] for the sol-gel
TiO, (anatase) film. They suggest that oxygen generation on TiO, electrode occur
through the two step reaction. Yoko et al. [4] proposed that the first anodic current
is due to the reaction,

4Ti — OH + 4ht — 4Ti" + 2H0 + Oq (2.3)
and the second anodic current due to the reaction.
2Ti — OHJ + 4h™ — 2Ti" +4H* + O, (2.4)

The same explanation will be applied to the LPD-TiO; thin films. As shown in
Fig. 2.6, the saturation of the photocurrent was not observed for the film heat-
treated at 600 °C, although it observed for the film which heat-treated below 600
°C. Figure 2.7 shows the photocurrent at 0, 0.5, and 1.0 V as a function of heat-
treatment temperature. The photocurrent increases with increasing heat-treatment
temperature until 500 °C, it markedly, however, decreases for the film heat-treated
at 600 °C. For an n-type semiconductor, the most simplest model which estimates
the photocurrent-potential curve is expressed as follows [13]:

J, = qlo[1 — exp(—aW)/(1 + aL)] (2.5)

where, J,, is the photocurrent density, g is the electronic charge, I is the intensity of
the irradiation light, « is the absorption coefficient, W is the depletion layer width,
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Figure 2.7. Variations of the photocurrent with heat-treatment temperature. O: at
0V,A:at05V,and x: at 1.0 V.

and L is the diffusion length for holes in the bulk of semiconductor. This equation
shows that the photocurrent density increases, if o, W, and L is large. Here, the
depletion layer width is given by [14]

W = 2¢e(V — V) /qN4*"? (2.6)

where ¢, is the permittivity of free space, € is the relative permittivity, V is the
bias potential, V4, is the flatband potential, g is the electronic charge, and Ny is the
donor concentration of the semiconductor. As shown in Eq. (2.6), depletion layer
width is dependent upon the bias potential, V', and donor concentration, Ny (in case
of TiO,, Ti'™ acts as donor). Therefore, if donor concentration decrease, depletion
layer width will narrow. On the other hand, the electric field in the depletion layer
is expressed by [14]

F=(V—-Va)/W (2.7)

where F is the electric field in the depletion layer. Therefore, the electric field in
the depletion layer decreases with increasing the depletion layer width.

As stated above, the increase in photocurrent with increasing the heat treatment
temperature until 500 °C can be considered as follows. Ti''! as donors in TiO,
are oxidized to Ti!V upon heat treatment in an air flow. Therefore, the donor
concentration of the film decreases, and the depletion layer width increases according
to the Eq. (2.6). Consequently, the photocurrent increases as shown in Eq. (2.5).
Moreover increase of the crystallinity causes increasing the photocurrent, because
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the diffusion length for holes, L, increases with increasing crystallinity. On the
other hand, the decrease in photocurrent for the TiO; film heat-treated at 600 °C
might be attributed to the decrease of the electric field in the depletion layer which
decreases with the increase of the depletion layer width according to Eq. (2.7). As
a result of the decrease in the electric field in the depletion layer, recombination of
the electron-hole pairs generated by irradiated photon increases, because the electric
field in the depletion layer is available for the electron-hole separation. Therefore,
the photocurrent decreases for the film heat-treated at 600 °C. In short, with regard
to the variations of the photocurrent with heat-treatment temperature, it may be
said that the increase in the depletion layer width due to the decrease in donor
concentration is predominant for the TiO, film heat treated below 600 °C, and the
decrease in the electric field in the depletion layer due to the increase in the depletion
layer width is predominant for the TiO, film heat treated at 600 °C.

As shown in Fig. 2.6, saturation of the photocurrent were observed for the TiO,
film heat-treated below 600 °C. It indicates that almost electrons generated by
the irradiated photon move to the TiO, surface according to electric field in the
depletion layer without recombination. On the contrary, it can be considered that
the saturation of the photocurrent was not observed for the TiO; film heat treated
at 600 °C, since the electron-hole pairs were recombination in the depletion layer.
These results support to the above consideration.

2.4 Conclusion

Titanium (IV) oxide (anatase) thin films were prepared on the substrates by the
LPD method by using ligand-exchange (hydrolysis) reaction of [TiFg]>~ accelerated
by the addition of H3BOj3 as F~ scavenger. The aspects and chemical compositions
of the deposited films were different according to the concentrations of (NH4).TiFs
and H3BOj3. At low concentration range of (NH4),TiF, hazy or transparent anatase
TiO, thin films were formed. At high concentration range of (NH4),TiFg, thick films
of micro-crystalline NH,TiOF3 were formed. Thickness of the deposited TiO, film
increased linearly with reaction time and the deposition rate of transparent TiO,
film depended on the concentration of added H3BOj3. The as-deposited film was
amorphous and it crystallized upon heat treatment. Rutile phase was not observed
even after heat treatment above 600 °C.

The heat-treated films showed photoelectrochemical behavior. The photocur-
rent due to the decomposition of water increased with increasing heat-treatment
temperature until 500 °C and it decreased for the film heat-treated at 600 °C. The
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saturation of the photocurrent was not observed for the films heat-treated at 600
°C.
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3.1 Introduction

The quartz crystal microbalance (QCM) is an extremely sensitive sensor capable
of measuring mass change in the nanogram range because its oscillating frequency
is changed by deposition of substances on the crystal surface [1]. It has been used
as a mass sensitive detector in aqueous solution system as well as in vacuum or
gas phase system. The QCM in solution system have been applied to the study of
electrodeposition [2, 3, 4], ion fluxes in polymer films [5, 6], intercalation phenomena
[7], and other interfacial phenomena.

The change in oscillating frequency of the quartz crystal (Af) is proportional
to the change in mass (Am) per unit area (A) of the deposits on the crystal. The
equivalence is expressed as follows [1, 8]:

Af = —f2Am/(pN A) (3.1)

where fy is the fundamental frequency of the crystal, N is the frequency con-
stant (1.670 x 10° cm Hz for an AT-cut quartz), and p, is the density of quartz
(2.648 g cm™3).

In the present chapter, growth of the titanium oxide thin films by the LPD
method was monitored with the QCM technique in order to clarify the film formation
mechanism. This is the first attempt to monitor the thin film formation by the LPD
method with QCM technique. The author discusses the dependence of the thin film
formation on concentrations of solutes in the treatment solution.

3.2 Experimental

3.2.1 Treatment solutions for the LPD method

As parent solutions for the treatment solution of the LPD method, (NH,4),TiFg
(Kishida Chemical Co. Ltd.) and H3BOj3 (Nacalai Tesque Inc.) were dissolved in
distilled water at concentrations of 0.5 mol dm~3, respectively. These solutions were
mixed at various compositions and used as the treatment solution for deposition.
In order to investigate the concentration effect of free F~ in the treatment solution,
NH,F (Nacalai Tesque Inc.) aqueous solution was added to the treatment solution
at various concentrations.

3.2.2 QCM technique

The quartz crystals used in this study were biplanar, circular AT-cuts with 13 mm
diameter. The crystal has a fundamental frequency of 3.58 MHz, and the approxi-
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mate sensitivity for the frequency change is 35 ng cm™2 Hz™! (from Eq. (3.1)). The
surface of the crystal which contact with the solution was coated with gold metal
thin film (ca. 100 nm) by vacuum evaporation. The crystal was mounted on a holder
by using silicon sealant so as to expose one side of the crystal to the solution.

(b) (a)
i\
| >

(C)/ " ‘;\
(e)

() (d)

Figure 3.1. Schematic diagram of the cell and quartz crystal apparatus. (a): Fre-
quency counter, (b): d. c. power source, (c): quartz crystal oscillator, (d): oscillating
circuit, (e): treatment solution, and (f): o-ring.

A schematic diagram of the cell and quartz crystal apparatus is shown in Fig. 3.1.
The cell was made of acrylic resin. The quartz crystal apparatus was immersed into
the treatment solution for deposition, and the resonant frequency was measured by
a frequency counter (Advantest Inc., TR5823H) at intervals of 15 min at 30 °C.

3.3 Results and Discussion

3.3.1 Monitoring the growth of thin films with QCM

Figure 3.2 shows the relationship between the thickness of the deposited films by the
LPD method determined by SEM observation (tsgy) and that measured by QCM
technique (tqcm). The tgom were calculated using following equation.

11
= Am—- 3.2
tqcm mAd (3.2)

where Am is obtained from Eq. (3.1), A is the area of the QCM, and d is the density
of TiO2 (anatase) (3.90 g cm™~3). As shown in Fig. 3.2, a good linear relationship
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Figure 3.2. Relationship between film thickness determined from QCM (tqcm) and

was observed between tsgm and tqem. It can be said that the QCM technique is
suitable for monitoring the growth of thin films by the LPD method. The tqcm was
expressed as follows:

tQCM = 0.85tSEM (33)

The value of tqem was lower than tsgm because of the value of d which using in
Eq. (3.2) is larger than that of actual value since the crystallinity of the deposited
film is low.

3.3.2 Deposition of titanium oxide thin film by LPD method

The depositing reaction in the LPD method consists of the ligand-exchange (hydrol-
ysis) equilibrium reaction of metal-fluoro complex ion and F~ consumptive reaction
by H3BOj3 as F~ scavenger. For the ligand-exchange (hydrolysis) of [TiFg]?~ ion in
an aqueous solution, the following equilibrium scheme has been proposed [9, 10].

[TiF¢]>~ +nH,0 = [TiF,_, (OH), > + nHF (3.4)

The value of n is small, and the degree of hydrolysis decreases with increasing the
concentration of the [TiFg]2~ [9, 10]. On the other hand, H3BOj3 readily reacts with
F~ as follows 11, 12, 13]:

H3;BO; + HF —»s HBF(OH), (3.5)
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HBF(OH), + HF — HBF,(OH), + H,0 (3.6)
HBF,(OH), + HF — HBF;0H + H,0 (3.7)
HBF;0H + HF — HBF, + H,0 (3.8)

The reactions (3.5) to (3.7) are rapid and the reaction (3.8) is slow [11, 12, 13].
The addition of H3BOj; to the (NH,4).TiFs solution accelerates the ligand-exchange
(hydrolysis) reaction (3.4), that is, the reaction (3.4) is shifted to the right-hand side,
owing to the reaction of H3BO3 with F~. Consequently titanium oxide thin films
form on the substrates upon the dehydration reaction among [Ti(OH)g]?>~ species
which are generated by the hydrolysis reaction of [TiFg]?~.
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Figure 3.3. Dependence of deposited film weight (a) and deposition rate (b) on
reaction time. Concentration of (NH,);TiFs: 100 mmol dm~3 and of H3BOj3: 150
mmol dm~3.

Figure 3.3 (a) shows the relationship between the deposited film weight (w) and
the reaction time. Figure 3.3 (b) shows the variation of the deposition rate (r)
with reaction time. The deposition rates (r) was determined from the gradient of
Fig. 3.3 (a). In this case, the deposition rate increased with reaction time up to
6 h, was constant to 9 h, and then decreased gradually. As shown in Fig. 3.3 (b),
there are three steps for the deposition rate; (i) increasing in deposition rate with
time, (ii) constant region, and (iii) decreasing with time. From SEM observation of
the deposited film, several nuclei were observed on the substrate at the step (i), and
the number of the nuclei increased with reaction time. At the steps (ii) and (iii),
growing of the nuclei were observed. The decreasing of the deposition rate at step
(iii) is presumably due to the decrease of the reactant content. Here we introduce
several parameters. The reaction time at which the deposition rate was constant is
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t.. The deposited film weight at . is w.. The deposition rate at t. is defined as the
film formation rate, .. The induction period for deposition (7) is defined as follows:

1 =1 — —
C

(3.9)

These parameters were indicated on Fig 3.3.

3.3.3 Effects of the concentration of free F~ in the treatment

solution

In the solution, [TiFs]?~ ions partially hydrolyse and release F~, although the value
of n of Eq. (3.4) is small. Thus free F~ ions may exist in the solution at the initial
stage. It is considered that the H3BOj3 as F~ scavenger preferentially react with such
free F~ at the initial stage of the deposition reaction, therefore the induction period
may be strongly correlated with the initial content of free F~. In order to investigate
the effects of the concentration of free F~, NH4F solution was added to the treatment
solution. As NH,F dissociates to NHf and F~, the concentration of free F~ in
the treatment solution could be controlled by the addition of NH4F. Fig. 3.4 (a)
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Figure 3.4. (a): Relationships between deposited film weight on reaction time. Con-
centration of NH4F: O: 0, A: 5.0, 0: 10.0, and <: 15.0 mmol dm™3. (b): Variation
of induction period with concentration of NH4F. Concentration of (NH4),TiFg: 100
mmol dm~3 and of HsBOj: 150 mmol dm™3.

shows the relationships between reaction time and the deposited film weight with
various concentrations of NH4F in the treatment solution. The deposited film weight
decreased and the induction period increased with increasing the concentration of
NH4F, that is free F~ concentration, whereas the film formation rates were almost
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constant. The variation of induction period with the concentration of NH4F is
shown in Fig. 3.4 (b). The induction period increased linearly with increasing the
concentration of NH4F. Based on these data, we concluded that free F~ ions react
with H3BOj in the initial stage of the deposition reaction, that is the induction
period. After that, F~ ions coordinated to [TiF¢_,(OH), ]2~ are reacted with H3BOj3,
and then titanium oxide deposition arises. The film formation rate does not depend
on the concentration of free F~.

3.3.4 Effects of the concentration of H;BOj; in the treatment

solution
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Figure 3.5. (a): Relationships between deposited film weight and reaction time.
Concentration of (NH,)2TiFg: 50.0 mmol dm~3. Concentration of H3BO3: 0: 125.0,
A: 150.0, O: 162.5, ©: 175.0, and x: 200.0 mmol dm=3. (b): Variations of
deposition rate (O) and induction period (A) with concentration of H3BOj3.

Figure 3.5 (a) shows the relationship between the deposited film weight and reaction
time. Concentration of (NH4),TiFs was constant to 100 mmol dm~2 and that of
H3BO;3; was varied from 125.0 to 200.0 mmol dm™3. The deposited film weight
increased with increasing the concentration of H3BOj. The film formation rate and
the induction period ar¢ shown in Fig. 3.5 (b) as a function of the concentration
of H3BO3. As shown in Fig. 3.5 (b), the film formation rate increased and the
induction period decreased with increasing the concentration of H3BOj3. Variation
of the filr: formation rate was contrasted with that of the induction period.

As stated in Section 3.3.3, free F~ ions exist in the 'TiFg)?>~ aqueous solution
with equilibriun “oncewsralion at the imitial stage. These free F~ ions react with
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H3BOj in the induction period, and then F~ ions coordinated to [TiFs_,(OH),]*~
complex ion react with H3BO3. The concentrations of free F~ are constant for every
solution in Fig. 3.5 since the concentrations of (NH,4),TiFg are constant, thus the
induction period decreased with increasing the concentration of H3BOj3. The de-
creasing of the induction period slowed down when the concentration of H3BO3; was
more than 162.5 mmol dm™3. As mentioned in Section 3.3.2, consuming reaction of
F~ ions with H3BOj3 could be divided into rapid steps (Egs. (3.5) to (3.7)) and slow
step (Eq. (3.8)). It could be considered that when concentration of H3BOj3 is higher
than 162.5 mmol dm~2, free F~ ions were consumed on rapid steps, therefore the
induction period decreased gradually. On the other hand, the film formation rate
increased remarkably with the concentration of H;BO3 up to 162.5 mmol dm~3, and
then increased gradually. The film formation rate is controlled by the consuming
reaction of F~ ions coordinated to [TiFes_,(OH),]?~. It is considered that F~ coor-
dinated to [TiFs_,(OH),]*~ were consumed by H3BOj3 on slow step (Eq. (3.8)) when
concentration of H3BOj3 is lower than 162.5 mmol dm™3, on the other hand, those
were consumed on rapid steps (Egs. (3.5) to (3.7)) when concentration of H3BOj is
higher than 162.5 mmol dm~3. Therefore dependency of the film formation rate on
the concentration of H3BOj3 varied with the concentration range of H3BOj.

3.3.5 Effects of the concentration of (NH,),TiF¢ in the treat-

ment solution

Figure 3.6 (a) shows relationships between the deposited film weight and reaction
time for various concentrations of (NH4),TiFs. The concentration of H3BO3; was
constant to 200 mmol dm™3. The deposited film weight decreased with increasing
the concentration of (NH4),TiFg. The t. values were almost constant at 3 h. Fig-
ure 3.6 (b) shows the film formation rate and induction period as a function of the
concentration of H3BOj3. The film formation rate decreased monotonously with in-
creasing the concentration of (NH4),TiFs. On the other hand, the induction period
slightly increased with increasing the concentration of (NH4),TiFg. The change of
the induction period was smaller than that when the concentration of H3BO; was
constant (Fig. 3.5).

As shown in Section 3.3.2, degree of hydrolysis of [TiFg|2~ decreases with increas-
ing the concentration of (NH,4),TiFg [9]. The change of concentration of free F~ on
concentration of (NH,),TiFs may be small. Thus, the dependence of induction pe-
riod and ¢, on the concentration of (NH,),TiFs were small. On the other hand,
concentration of partially hydrolyzed species of [TiFg]?~ decreased with increasing
the concentration of (NHy4).TiFg, causing the decrease of the film formation rate
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Figure 3.6. (a): Relationships between deposited film weight and reaction time.
Concentration of H3BO3: 200 mmol dm~3. Concentration of (NHy),TiFs: O: 37.5,
A: 50.0, O: 75.0, ©: 100.0, x: 112.5, and +: 137.5 mmol dm~3. (b): Relation-
ships between deposition rate (O) and induction period (A) with concentration of
(NH4),TiFs.

with increasing the concentration of (NHy4)2TiFs.

3.4 Conclusion

The QCM technique was applied to the monitoring the growth of titanium oxide thin
films by the LPD method. The effects of the concentrations of free F~, (NH,4).TiFs,
and H3BOj; in the treatment solution on the film formation were studied.

In the induction period, the initial stage of the reaction, free F~ ions in the
treatment solution preferentially react with H3BO3. The induction period increased
linearly with increasing the concentration of added NH4F, indicating that the in-
duction period depends on the concentration of free F~. The film formation rate,
however, independent on the concentration of free F~. The film formation rate
increased and the induction period decreased with increasing the concentration of
H;BO3;. When the concentration of HsBO3; was more than 162.5 mol dm~3, the
increasing of the film formation rate and the decreasing of the induction period
slowed down, suggesting that the consuming reaction of F~ by H3BOj3 occurred on
slow step when the concentration of H3BO3 was low, on the other hand that occurred
on rapid steps when the concentration of H3BO3 was high. The film formation rate
decreased with increasing the concentration of (NH4),TiFg, and the dependency of
the induction period on the concentration of (NH4),TiFg was small.
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The QCM technique may be useful in monitoring the formation of thin films by
the LPD method for characterizing the kinetics of the growth of the films.
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4.1 Introduction

Vanadium oxide is one of the functional inorganic materials used widely in the
application fields such as catalyst [1, 2], cathode material for lithium ion secondary
battery [3, 4], and electrochromic display device [5, 6]. Especially, VoO5 and related
oxides have attracted interests as host materials for Li* intercalation. They are able
to intercalate Li* ions electrochemically accompanied with reversible electrochromic
effect. As thin film, it has high potentialities for use in electrochromic display
devices, color filters, and other optical devices.

Usually, vanadium oxide thin films have been prepared by dry processes such
as vacuum evaporation [7] and sputtering [5, 8], and by conventional wet processes
such as electrochemical deposition [9] and sol-gel method[6].

In the present chapter, the author reports on the LPD method for preparing
vanadium oxide thin films and the characterization of the deposited films. Electro-
chemical and optical properties of the deposited films related to electrochromism
were also described.

4.2 Experimental

4.2.1 Liquid-phase deposition process

Vanadium (V) oxide (Nacalai Tesque Inc.) was dissolved in 5 % hydrofluoric acid
aqueous solution (Hashimoto Chemical Corp.) at a concentration of vanadium ion
was 0.384 mol dm~3. This solution was diluted to 0.15 mol dm~2 with distilled
water, and then supplied for the treatment solution for deposition. Non-alkali glass
(Corning, # 7059), soda lime glass (Matsunami Glass Ind., Ltd.), and alumina
ceramic plate were used as the substrates. After being degreased and washed ul-
trasonically, the substrate was immersed in the treatment solution and suspended
therein vertically. Then aluminum metal plate, of which purity is 99.98 %, that acts
as F~ ion scavenger was set around the suspended substrate. Then the reaction cell
was kept at 30 °C for 20-40 h. The substrate was then removed from the solution,
washed with distilled water and dried at ambient temperature. Some of samples
were heat-treated at various temperatures for 1 h in a muffle furnace in an air flow.
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4.2.2 Characterization of the deposited films and the treat-

ment solutions

X-ray diffraction (XRD) studies of the deposited films were carried out on a Rigaku
RINT-2100 diffractometer with thin film attachment, using Cu-Ka radiation (40 kV,
40 mA). The measurements were made at an X-ray incidence angle of 1°. Infrared
(IR) absorption spectra of the deposited films were measured with an A-302 IR
spectrophotometer (Japan Spectroscopic Co. Ltd.) in the range of 5000-330 cm™!.
Thermogravimetric analysis (TG) and differential thermal analysis (DTA) for the
precipitated powder were carried out with a Rigaku Type 8085 at a heating rate of
10 °C min~! in the air. Electron spin resonance (ESR) spectra of the precipitated
powder were recorded at ambient temperature on an X-band spectrometer JES-
FE3X (JEOL Ltd.). The g-values were determined from Mn?* standard marker.
Surface morphologies of the deposited films were observed by a scanning electron
microscope (SEM, Hitachi, S-2500).

Optical absorption spectra of the treatment solutions were measured with a
UVIDEC 660 (Japan Spectroscopic Co. Ltd.) in the range of 910-300 nm.

4.2.3 Measurements of electrochromic properties

In order to investigate electrochromic properties, the films were formed on indium
tin oxide (ITO) coated glasses. The ITO film layer is a transparent conductor with
a sheet resistance of 30 Q sq.”!. A copper wire was connected to this layer.

Cyclic voltammograms of the deposited films were measured in 1.0 mol dm™3
LiClO4—propylene carbonate (PC) solution, using a potentiostat (Hokuto Denko
Ltd., PS-5000) and a function generator (NF Circuit Design Block Co. Ltd., RW-
101T) with a three-electrode system. Pt plate electrode and saturated calomel
electrode (SCE) were used as the counter and reference electrodes, respectively.

Figure 4.1 shows the electrochromic device cell schematically. The electrolyte
(1.0 mol dm™2 LiClO4-PC solution) is sandwiched between the sample and an ITO
coated glass by using a spacer. Optical absorption spectra were measured by a
UVIDEC 660 (Japan Spectroscopic Co. Ltd.) over controlled charge transfer using
coulometer (Hokuto Denko Ltd., HF 201). A constant voltage (2 V) was applied to
the electrochromic device cell.
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Figure 4.1. Schematic diagram of the electrochromic device cell.
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4.3 Results and Discussion

4.3.1 Preparation and characterization of the films

After treatment for several tens of hours, brownish and transparent films were formed
on the substrates. The deposited film showed strong adherence to the substrate. On
the bottom of the reaction cell, there was brownish powder similar to the deposited
film. The colors of the films changed with heat treatment. The films heat-treated at
100, 200, 300, and 400 °C were moss green, dark green, yellowish green, and yellow,
respectively. These changes in color on the heat treatment suggest that the valence
state of the vanadium ion in the films changed from IV to V during heat treatment
in an air flow.

XRD patterns of the deposited films which were heat-treated at various temper-
atures are shown in Fig. 4.2. The as-deposited film and the films heat-treated at 100
and 200 °C were amorphous without any significant diffraction peak. However, the
films heat-treated above 300 °C were crystallized. While diffraction peaks assigned
to mixture of V307 and V,05 were observed for the film heat-treated at 300 °C,
only diffraction peaks of V,05 were observed for the film heat-treated at 400 °C.
V307 is a mixed oxide and one of the intermediates of oxidizing from VIV to VV
oxide. It consists of VO, and V,05. From the XRD studies, it is concluded that
the deposited film is crystallized and oxidized through the heat treatment.

The TG-DTA curves of the precipitated powder of the by-product are shown in
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Figure 4.2. X-ray diffraction patterns of the deposited films heat-treated at various
temperatures for 1 h in an air flow. o: V,05, ®: V30,. (a): As-deposited film, (b)
to (e): films heat-treated at 100, 200, 300, and 400 °C, respectively.
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Figure 4.3. TG-DTA curves of the precipitated powder. Heating rate: 10 °C min~!

Fig. 4.3. A broad endothermic peak was observed over the temperature range from
room temperature to ca. 220 °C, and a sharp endothermic peak was observed at ca.
250 °C, accompanied by a weight loss in TG curve. The first and second endothermic
peaks presumably correspond to the dissociation of physically and chemically bonded
water molecules, respectively. Since the LPD process is performed in an aqueous
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solution system, the deposited film encloses some water molecules as adsorbed or
bound water. -An exothermal peak at ca. 300 °C corresponds to the crystallization.
The TG curve showed a little weight gain above 300 °C. It is presumably assigned
to oxidation of vanadium ions.

Transmittance
Cj

V=0 V-O-V

1200 900 600 300
Wavenumber/cm ™

Figure 4.4. IR absorption spectra of the deposited films heat-treated at various
temperatures for 1 h in an air flow. (a): As-deposited film, (b) to (e): films heat-
treated at 100, 200, 300, and 400 °C, respectively.

Figure 4.4 shows IR absorption spectra of the deposited films. Absorption bands
were all broad for the as-deposited film and the films heat treated at 100 and 200 °C.
These bands were sharpened by the heat treatment above 300 °C. IR absorption
spectrum of the as-deposited film showed absorption band at 970 cm~!. This band
shifted towards higher energies, that is higher wavenumbers, with increasing heat-
treatment temperature. For the films heat-treated at 300 and 400 °C, the shifted
band was observed at 1020 cm™?, which is assigned to V=0 stretching mode of V505
[10, 11]. These results indicate that the V=0 bond length of the as-deposited film
and the films heat-treated at low temperatures are longer than that of the films heat-
treated at 300 and 400 °C. IR absorption spectra of the films heat-treated at 300
and 400 °C also showed absorption bands at 820 and 620 cm™!, which are assigned
to V-O-V deformation mode of V505 [10, 11]. The broadenings of the absorption
bands for the as-deposited film and the films heat-treated at 100 and 200 °C indicate
that the distributions of the bond lengths between the vanadium ion and the oxygen
are broad. Based on these results, it is concluded that the valence state of vanadium
ion in the as-deposited film and the films heat-treated at 100 and 200 °C is lower



Vanadium Oxide Thin Films 37

than VV, that is VIV. Absorption bands at 3400 and 1620 cm™!, which are assigned
to an O-H stretching mode and an H-O-H deformation mode, respectively, were also
observed for the as-deposited film and the films heat-treated at 100 and 200 °C.
These bands completely disappeared after the heat treatment above 300 °C.

I J 1 ' v T T T T T

amplitude; 1.6x10 amplitude; 1.6x100

Intensity (arb. unit)

2000 3000

4000 5000 2000 3000 4000 5000
Magnetic field/Gauss Magnetic field/Gauss

Figure 4.5. ESR spectra of the precipitated powders. (a): As-deposition, (b) to (e):
heat-treatment at 100, 200, 300, and 400 °C, respectively.

ESR spectra of the deposited powder which were heat-treated at various temper-
atures are shown in Fig. 4.5. As shown in Fig 4.5, a broad singlet band was observed
for every sample. The g-values for these ESR bands were 1.97 of same constant val-
ues. These ESR bands were assigned to the VIV ion, because V!V ion has an unpaired
electron [12]. Any hyperfine structure (hfs) due to the electron spin—nuclear spin
coupling was not observed, even though the vanadium ion predominantly consists
of 51V, natural abundance is 99.75 %, with a nuclear spin of 7/2. Reasons why any
hfs was not observed are following. (i) The dipole broadening due to the interaction
among neighboring paramagnetic species owing to many V'V species existing in the
samples [13]. (ii) The electron delocalization occurred over several vanadium nuclei
causing to the absence of hfs [13], because the measurements were carried out at
ambient temperature. The intensity and line width of ESR signals decreased with
increasing heat-treatment temperature. Furthermore, the signals for the samples
heat-treated at 300 and 400 °C are much weaker than that of the as-deposited film
and that of the films heat-treated at 100 and 200 °C.

These data indicate that the as-deposited vanadium oxide thin film formed by
the LPD method is amorphous and consists of V!V ions, and it crystallized and
oxidized upon the heat treatment in an air flow.

SEM photographs of the deposited films on non-alkali glass and alumina ceramic
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Figure 4.6. SEM photographs of the deposited films on non-alkali glass (a), (b)
and on alumina ceramic plate (c), (d). (a), (c): As-deposited films, (c), (d): films

heat-treated at 400 °C.

plate are shown in Fig. 4.6. It was found that the film was made up of small particles.
These particles agglomerated on the heat treatment. As shown in Fig. 4.6 (c), (d),
the deposited film completely covered over complicated surface of alumina ceramic
plate. This is one of the good points of the LPD method.

When soda lime glass was used as the substrate, sodium vanadium bronze
(Nag33V205) was formed. As-deposited film was brownish and comparatively trans-
parent, it is very similar to the film formed on non-alkali glass. From XRD studies,
the as-deposited film formed on the soda lime glass was amorphous as same as the
film formed on non-alkali glass. Figure 4.7 shows XRD pattern of the films formed
on soda lime glass heat-treated at 400 °C. This XRD pattern is different from that of
the film formed on non-alkali glass, and showed that the film is Nag33V,05 (sodium
vanadium bronze). It is well-known that V.05 exhibits a layered structure, the
[V20Os] layers being built up from VOs square pyramids sharing edges and corners
[14]. It has been possible to to dope the V05 network by intercalation of alkali
metal cations between the layers by electrochemically [15, 16] and chemically [17].
These facts suggest that the soda lime glass as substrate is etched by fluorine ions
in the treatment solution during deposition reaction, and sodium ions were taken
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Figure 4.7. X-ray diffraction patterns of the deposited films on soda lime glass
heat-treated at 400 °C for 1 h in an air flow. ©: Nag33V20s5.

Figure 4.8. SEM photographs of the deposited films on soda lime glass. (a): As-
deposited films and (b): films heat-treated at 400 °C.

into the deposited vanadium oxide. Then such sodium ions were intercalated during
crystallization on heat treatment. It can be, also, considered that the diffusion of
sodium ions from the substrate to the deposited film upon the heat treatment.

SEM photographs of the films formed on soda lime glass are shown in Fig. 4.8.
The as-deposited film was made up of small particles. These are similar to those of
the film on alumina ceramic plate. The morphology of the film changed obviously
upon the heat treatment. The particles which composed the film grew into scale-like
structure. It is considered that this structure reflecting layered structure.
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Figure 4.9. Optical absorption spectra of the treatment solutions. (a): Before the
addition of aluminum metal. (b): After 2.5 and (c): 15 min of the addition of
aluminum metal.

4.3.2 Mechanism of the film deposition

The treatment solution was yellowish in color before the addition of aluminum metal,
but turned a bluish color just after adding aluminum. In order to clarify the dissolv-
ing species in the treatment solution, optical absorption spectra of the treatment
solution before and after addition of aluminum metal were measured (Fig. 4.9). The
spectrum of the treatment solutions before the addition of aluminum metal has an
absorption edge which raises from 500 nm, and no other absorption bands were ob-
served. The absorption band below 500 nm was assigned to a charge transfer band
of the complex ion of VY [18]. In the treatment solution, VV exists as VO3, which
may be partly coordinated by fluorine ions such as [VO,F,]' ™. After the addition
of aluminum metal, the spectrum obviously changed. The absorption band below
500 nm decreased gradually with time and disappeared completely after 15 min, and
two kinds of absorption bands were observed in VIS region. The absorption bands
at 630 and 830 nm were assigned to the 2B, — ?B; transition and 2B, — 2E(I)
transition of vanadyl ion, VO?* [19], respectively, where vanadium ion has a valence
of IV. From these results, it is concluded that the vanadium ion in the initial solu-
tion was VV and it was reduced to V!V by the addition of aluminum metal. In the
solution, V!V normally exists as VO?* which is the most stable species in aqueous
solution. It is considered that the VO?* is coordinated by fiuorine ions, and forms
a fluoro-oxy complex ion, [VOF,]> ™ (n < 5), in the treatment solution.
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The LPD process consists of ligand-exchange (hydrolysis) equilibrium reaction
of the metal-fluoro complex ion, and F~ consuming reaction by aluminum metal
as F~ scavenger. From experimental results, which showed the deposited film was
vanadium oxide that consisted of V!V ion, the author proposes following deposition
mechanism similar to that for SiO, thin film deposition [20, 21]. VIV ion exists as
[VOF,,]2~" in the treatment solution and following F~ ion releasing reaction proceeds
on the film depositing process:

[VOF,]*™™ + zH,0 = [VOF,_,(OH),J*"" + zHF (4.1)

The ligand-exchange (hydrolysis) equilibrium reaction (4.1) is shifted to the right-
hand side under the low of mass action by the addition of aluminum metal which
reacts with F~ ions as follows:

Al + 6HF = H3AIFg + 3/2H, (4.2)

The addition of aluminum leads to consumption of non-coordinated F~ ions and
accelerates the ligand-exchange (hydrolysis) of [VOF,]*™ (Eq. (4.1)). Then, the
dehydration reaction occurs among [VO(OH), ]2~ species, which are generated in
the process of ligand-exchange reaction of [VOF,]?~", near or on the surface of the

substrate. Vanadium oxide deposition proceeds continuously with the reactions (4.1)
and (4.2).

4.3.3 Electrochromic properties of the deposited films

It has been shown in previous works that V,05 electrodes are able to intercalate
lithium ions according to the following electrochemical reaction. This reaction is
accompanied with reversible electrochromic effect [5, 8].

V305 + zLit + ze™ = Li, Vo0s. (4.3)

Cyclic voltammograms of the deposited films heat-treated at 300 and 400 °C are
shown in Fig. 4.10. The film heat-treated at 400 °C showed quasi-reversible cyclic
voltammogram similar to that reported for sputtered [5] or spin-coated V05 films
[6]. Cathodic reduction and anodic oxidation peaks are attributed to Li* insertion
and extraction, respectively. The color of the film changed from yellow to green
on the cathodic sweep, and from green to yellow on the anodic sweep. The film
heat-treated at 300 °C gave a different cyclic voltammogram from that of the film
heat-treated at 400 °C. Although, the anodic oxidation peaks at ca. 0.5 and ca. 0.6 V,
and the cathodic reduction peaks at ca. 0.4 and ca. 0 V were quite similar to that of
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Figure 4.10. Cyclic voltammograms of the deposited films heat-treated at (a) 300 °C
and (b) 400 °C. Sweep rate: 50 mV s~ L.

the film heat-treated at 400 °C, anodic oxidation current below 0.2 V and cathodic
reduction current below —0.1 V newly appeared in the voltammogram. The color of
the film changed from yellowish-green to grayish-blue for the cathodic sweep. From
the XRD studies, two crystalline phases of Vo,O5; and V307 were observed for the
film heat-treated at 300 °C, while only one crystalline phase of V,05 was observed
for the film heat-treated at 400 °C. On the basis of these results, it is considered
that the redox reactions occur independently in the V205 and V307 phases for the
film heat-treated at 300 °C, and it causes the differences in voltammograms and
change of the colors of films between the films heat-treated at 300 and 400 °C.

Because the deposited film without heat treatment behaved insulator, electro-
chemical properties could not be measured. Broadened cyclic voltammograms with
low current densities were obtained for the films heat-treated at 100 and 200 °C. The
colors of these films did not change during potential cycles. Incomplete of oxidation
and crystallization may be causes of the absence of electrochromism.

Figure 4.11 shows the optical absorption spectra of the heat treated film and
the colored film. The absorption spectra of the films were measured by using elec-
trochromic device cell (Fig. 4.1). The heat-treated film was yellow and it changed
gradually to green with the injected charges by applying an external voltage with
the polarity of the V,0j5 film negative. As shown in Fig. 4.11, on injected charge
the absorption edges of the films are shifted to higher energies and the absorption
in the region above 650 nm increased. Since the absorption in the region above 650
nm increase, the color of the film changed to green. Figure 4.12 shows the change of
absorbance at 800 nm as a function of the electric charges injected and extracted.
The scale of abscissa of this figure indicates the injected charges for the coloring
process and the differences between the whole injected charges and the extracted



Vanadium Oxide Thin Films 43

Absorbance (arb. unit)
o
»

0.2 ' ' '
500 600 700 800 900

Wavelength/nm
Figure 4.11. Optical absorption spectra of the films heat-treated at 400 °C. (a): As
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Figure 4.12. The change o absorbance at 800 nm for the films heat-treated at 400
°C as correlated with the electric charge injected and extracted. O: Charge injection
(coloring process); A: charge extraction (bleaching process).

charges for the bleaching p ,cess. The absorbance at 800 nm was increased linearly
with charge injection, and :t decreased gently with charge extraction. As shown in



44 Chapter 4

Fig. 4.12, although the whole injected charges extracted from the colored film, the
absorbance was not agree with that of the initial state. It suggests that the positive
charges which do not act the coloring process are extracted during the bleaching
process. However the origins of these positive charges are not identify.

4.4 Conclusion

The LPD method was applied to the preparation of vanadium oxide thin films.
This process uses ligand-exchange (hydrolysis) equilibrium reaction in (V.05 — HF)
solution with the addition of aluminum metal as F~ scavenger which is able to
shift the ligand-exchange equilibrium. The as-deposited film was amorphous and
it consisted of reduced state vanadium ions, that is VIV. On heat treatment in an
air flow, the film was oxidized and crystallized. By the XRD studies, it was found
that the film heat-treated at 300 °C was mixed oxide of V307 and V505, and the
film heat-treated at 400 °C was V,05. IR absorption spectra of the deposited films
and ESR spectra of the deposited precipitate also indicated that the as-deposited
film consisted of reduced state vanadium ion, VIV, and it oxidized upon the heat
treatment in an air flow.

The author proposed the following reaction mechanism for the deposition of
vanadium oxide thin films by the LPD method. The film was formed through the
ligand-exchange (hydrolysis) reaction of [VOF,]*>™™ with H,O. In the initial treat-
ment solution, vanadium ions existed as [VO,F,]'~™ which is the most stable species
of VV in an aqueous solution. By the addition of aluminum metal to the treatment
solution, they were reduced to V!V and form [VOF,]>~™ which is the most stable
species of VIV in an aqueous solution. Aluminum metal as F~ scavenger consumed
F~ ions simultaneously, and accelerated the ligand exchange of [VOF,]>"". Then,
the dehydration reaction occurs among [VO(OH),J> ™. Consequently, vanadium
oxide formed on the immersed substrate.

The crystallized film showed electrochromism. The color changed from yellowish-
green to grayish-blue for the film heat-treated at 300 °C and yellow to green for the
film heat-treated at 400 °C when lithium ions were electrochemically injected and
ejected. On injected charge by applying an external voltage with the polarity of the
V205 film negative, the absorption edges of the films are shifted to higher energies
and the optical absorption above 650 nm increased. The absorbance at 800 nm
was increased linearly with charge injection, and it decreased gently with charge
extraction. Although the whole injected charges extracted from the colored film,
the absorbance was not agree with that of the initial state. It suggests that the
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positive charges which do not act the coloring process are extracted during the
bleaching process.
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5.1 Introduction

VO, is known to have a reversible thermally-induced semiconductor-to-metal phase
transition around 68 °C. Electrical conductivity and IR reflectivity increased abruptly
when going through the transition temperature [1, 2]. The crystal of VO, undergoes
a first-order phase transition from a low-temperature monoclinic structure to a high-
temperature tetragonal structure [3]. In order to avoid the deterioration by volume
change during the transition, the use of VO, in the form of thin film is proposed [4].
Thin films of VO, have been prepared by a variety of techniques such as reactive
sputtering [5, 6], reactive evaporation [7], chemical vapor deposition [4, 8, 9], and
sol-gel process [8, 10, 11]. In these processes, precise control of the deposition at-
mosphere is necessary to obtain the exact composition VO, film, because VO, gives
the narrow stability range of the phase [12].

As described in the previous chapter, amorphous vanadium oxide thin films which
consist of reduced state vanadium ions, that is V!V, can be formed by the LPD
method. It is considered that the crystalline VO, thin films can be obtained by heat
treatment of the deposited films by the LPD method under inert atmosphere.

In this chapter, the author reports on the preparation and characterization of thin
films of VO, by the LPD method. Electrical properties with respect to the thermally-
induced semiconductor-to-metal phase transition of the obtained VO, films are also
described.

5.2 Experimental

5.2.1 Liquid phase deposition process

Vanadium (V) oxide (Nacalai Tesque Inc.) was dissolved in 5 % hydrofluoric acid
aqueous solution (Hashimoto Chemical Corp.) at a concentration of vanadium ion
was 0.384 mol dm™3. This solution was diluted to 0.15 mol dm~3 with distilled
water, and then supplied for the treatment solution for deposition. Non-alkali glass
(Corning, # 7059) was used as the substrate. After being degreased and washed
ultrasonically, the substrate was immersed in the treatment solution and suspended
therein vertically. Then aluminum metal plate, of which purity is 99.98 %, that acts
as F~ scavenger was set around the suspended substrate. Then the reaction cell
was kept at 30 °C for several tens of hours. The substrate was then removed from
the solution, washed with distilled water and dried at ambient temperature. Heat
treatment of the deposited films were carried out at various temperatures in an N,
atmosphere.
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5.2.2 Characterization of the deposited films

X-ray diffraction (XRD) studies of the deposited films were measured on a Rigaku
RINT-2100 diffractometer with thin film attachment, using Cu-Ka radiation (40 kV,
40 mA). The measurements were made at an X-ray incidence angle of 1°. Surface

morphologies of the deposited films were observed by a scanning electron microscope
(SEM, Hitachi S-2500).

5.2.3 Electrical properties of the deposited thin films

The transition behaviors in electrical conductivity of the deposited VO, films were
measured using a conventional two-probe method. Silver paste was coated in a
coplanar geometry as electrodes. The sample was located on a temperature con-
trolled electric heater plate, and it was heated at a rate of 2 °C min~! in a heating
cycle. In a cooling cycle, spontaneous decrease in the temperature was adopted. The
transition temperature (7) is taken as the temperature at which the midpoint of
the conductivities at 40 and 90 °C in a heating cycle after cycling 3—4 times through
T:.

5.3 Results and Discussion

5.3.1 Preparation and characterization of the deposited films

It is considered from mentioned in the previous chapter that VO, film can be ob-
tained by heat treatment of the deposited film under inert atmosphere. When the
deposited film was heat-treated in an N, atmosphere, greenish film was obtained.
Figure 5.1 shows the XRD patterns of the deposited films which were obtained by the
heat-treatment at various temperatures in No atmosphere for 1 h. The monoclinic
VO, phase was observed for the film heat-treated above 400 °C in N, atmosphere.
Other crystalline phases can not be detected from XRD patterns even the film heat-
treated at 600 °C. Peak intensity became large and full-width at half-maximum of
the diffraction peaks of VO3 became narrow with increasing heat-treatment temper-
ature. The diffraction from (011) plane of monoclinic VO, is particularly intense
compared with a randomly oriented powder of VO,. It indicates that the deposited
VO, thin film is partially oriented to the [011] direction. Similar phenomenon is
observed for the VO, thin films prepared by other methods, such as chemical vapor
deposition [8] and sol-gel method [10].

SEM photographs of the deposited films heat-treated in N; atmosphere are shown
in Fig. 5.2. The films were constructed of particles. The particle sizes were several
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Figure 5.1. X-ray diffraction patterns of the deposited films heat-treated at various

temperatures for 1 h in N, atmosphere. (a): As-deposited film, (b) to (d): films
heat-treated at 400, 500, and 600 °C, respectively.

Brag 1Opm 77 WCEE 1.0 um
deposited films heat-treated at various temper-
atures for 1 h in Ny atmosphere. Films heat-treated at 400 (a), 500 (b), and 600 °C

(c)-

tens of nanometers in diameter for the film heat-treated at 400 °C and around
one hundred nanometer for that heat-treated at 500 °C. Agglomeration of the
constructed particles was observed for the film heat-treated at 500 °C. The surface
microstructure of the film heat-treated at 600 °C is different from the others, large
particles which are 150-300 nm in diameter were observed on the small particles.
SEM photographs of the cross-section of the deposited film heat-treated at 500 °C
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Figure 5.3. SEM photographs of the cross-section of the deposited film heat-treated

at 500 °C for 1 h in N, atmosphere.

in Ny atmosphere is shown in Fig. 5.3. The film exhibits a homogeneous flat surface
and the thickness is ca. 500 nm.

5.3.2 Electrical properties of the LPD-VO, films

Electrical measurements were performed on the VO, films obtained by the heat
treatment at 400 and 500 °C in N3 atmosphere. The film obtained by the heat
treatment at 600 °C showed very high resistivity more than 30 MQ sq.”!, which
is too high to measure the resistivity., It is suggested for the film heat-treated at
600 °C that the formation of some insulator phases, although the XRD study of the
film shiowed only the diffraction peaks o VO, and/or the resistance of this sample
was dominated by high resistance of the crystallite boundaries.

Typical transition behaviors in the electrical resistivity are shown in Fig. 5.4. The
resistivities were dropped abruptly around 70 °C. The heating-cooling hysteresis
of ca. 10 °C were observed. The change in resistivity with temperature of the
film obtained by the heat treatment at 500 °C was sharper than that obtained
by the heat treatment at 400 °C. The transition temperatures (7}), the ratios of
the conductivities at 90 and 40 °C, and the activation energies of conduction for
below and above T, for she films obtained under several preparing conditions are
summarized in Table 5.1. The transition temperatures of the films obtained by the
heat treaiment at 400 °C were lower than those obtained by the heat treatment
at 500 °C, and the ratios of the conductivities of the films obtained by the heat
treatment at 400 °C were smaller than those obtained by the heat treatment at
500 °C. Begishe~ ¢ ol '13] and Griffiths et al. [12] indicate that the transition
behavior depend. on borh structuial and compositional factors. The broadening
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Figure 5.4. Typical transition behaviors in electrical resistivity of the LPD-VO,
films. Films heat-treated at 400 (a) and 500 °C (b).

Table 5.1. Preparation conditions of the LPD-VO, films and the electrical conduc-
tivity data.

reaction heat treatment transition activation energy/eV
time/h  temperature/°C temperature/°C 7%/940 T<T T >T,
40 400 65.2 10 0.26 0.22
70 400 66.2 90 0.29 0.14
40 500 724 200 0.32 0.14
70 500 76.4 450 0.34 0.12

of the transition behavior of the film obtained by the heat treatment at 400 °C
is attributed to an inhomogeneous distribution of transition temperature in the
film because of the spatial inhomogeneity in the distribution of the factors for the
change in transition temperature [13]. The film obtained by the heat treatment
at 400 °C was deficient in crystallinity in comparison with that obtained by the
heat treatment at 500 °C, thus it remained much amorphous phase. The existence
of the much amorphous phase caused the broadening of the transition behavior.
The crystal imperfection also affects the transition temperature. It is clear from
Table 5.1, the transition temperatures of the films obtained by the heat treatment
at 400 °C were lower ca. 10 °C than those obtained by the heat treatment at 500 °C.
This is also explained by the differences in crystallinity between the films obtained
by the heat treatment at 400 and 500 °C. In addition, compositional factors are
also considered to explain the differences in the transition temperatures. The non-
stoichiometry of the material, which is, for example, caused by the presence of V!
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or VV ions, has influence on the transition temperature. It is reasonable to consider
that the LPD-VOs, films are non-stoichiometric, although exact compositions of the
deposited films were not determined. The non-stoichiometry of the film depends
on the preparing condition, therefore the transition temperature changes due to the
preparing condition of the film.

In the high-temperature state, single crystals of VO, or high quality oriented VO,
films exhibit positive temperature coefficients of resistivity, characteristic of metallic
behavior [1, 7, 14]. In the LPD-VO, films, the temperature coefficients of resistivity
were all negative in high-temperature state. It indicated that the LPD-VO, films
were non-stoichiometric and/or the existence of some another semiconductor phases
of vanadium oxide. In the low-temperature state, that is, semiconductor state, the
linear Arrhenius behavior was observed, which provides a measure of the activation
energy of conduction. The values of the activation energies of conduction, which is
reported to be sensitive to the film stoichiometry [15, 16], for the LPD-VO, films

are in the range 0.26-0.34 eV which is consistent with the range of reported values
(14, 17].

5.4 Conclusion

The LPD method was applied to the preparation of vanadium dioxide thin films.
Vanadium oxide thin films have been formed on the immersed substrates from the
aqueous solution system of (VoOs~HF aq.) with the addition of aluminum metal
by the LPD method. The as-deposited film was amorphous and it consisted of VIV
ions. Monoclinic VO, phase was obtained when the deposited film was heat-treated
above 400 °C in an N atmosphere. The obtained VO, film was partially oriented
to the [011] direction. No other phases were detected from XRD studies.

The obtained VO, film exhibited metal-to-semiconductor transition behavior
around 70 °C accompanied with heating-cooling hysteresis ca. 10 °C. The tran-
sition temperature and sharpness of the transition behavior was depended on the
preparation condition of the film. The transition temperature of the film obtained
by the heat treatment at 500 °C was higher than that obtained at 400 °C, and the
ratio of the conductivities below and above the transition temperatures for the film
heat-treated at 500 °C was larger than that heat-treated at 400 °C.

References

[1] F. J. Morin, Phy. Rev. Lett. 3, 34 (1959).



54 Chapter 5

[2] A. S. Barker Jr., H. W. Verleur, and H. J. Guggenheim, Phy. Rev. Lett. 17,
1286 (1966).

[3] J. B. Goodenough, J. Solid State Chem. 3, 490 (1971).

[4] C. B. Greenberg, Thin Solid Films 110, 73 (1983).

[5] G. A. Rozgonyi and D. H. Hensler, J Vac. Sci. Tech. 5, 194 (1969).

[6] P. Jin and S. Tanemura, Jpn. J. Appl. Phys. Part 1 33, 1478 (1994).

[7] J. P. De Natale, P. J. Hood, and A. B. Harker, J. Appl. Phys. 66, 5844 (1989).

[8] Y. Takahashi, M. Kanamori, H. Hashimoto, Y. Moritani, and Y. Masuda, J.
Mater. Sci. 24, 192 (1989).

[9] T. Maruyama and Y. Ikuta, J. Mater. Sci. 28, 5073 (1993).
[10] G. Guzman, R. Morineau, and J. Livage, Mater. Res. Bull. 29, 509 (1994).

[11] K. R. Speck, H. S. Hu, M. E. Sherwin, and R. S. Potember, Thin Solid Films
165, 317 (1988).

[12] C. H. Griffiths and H. K. Eastwood, J. Appl. Phy. 45, 2201 (1974).

[13] A.R. Begishev, G. B. Galiev, A. S. Ignat’ev, V. G. Mokerov, and V. G. Poshin,
Sov. Phys. Solid State 20, 951 (1978).

[14] C. N. Berglund and A. Jayaraman, Phys. Rev. 185, 1034 (1969).

[15] N. Kimizuka, M. Ishii, I. Kawada, M. Saeki, and M. Nakahira, J. Solid State
Chem. 9, 69 (1974).

[16] M. Fukuma, S. Zembutsu, and S. Miyazawa, Appl. Opt. 22, 265 (1983).

[17] C. N. Berglund and H. J. Guggenheim, Phys. Rev. 185, 1022 (1969).



Chapter 6

Iron Oxide Thin Films Prepared
by Liquid-Phase Deposition

95



56 Chapter 6

6.1 Introduction

Recently, a novel wet process has been developed for the preparation of thin metal
oxide films. This process is called Liquid-Phase Deposition (LPD) process [1, 2]. In
this process, it is possible to form metal oxide or metal hydroxide thin films onto the
substrate which is immersed into the treatment solution for deposition. Metal oxide
or hydroxide thin film is formed by means of ligand-exchange equilibrium reaction
(hydrolysis) of metal-fluoro complex ionic species and F~ consumptive reaction by
boric acid or aluminum metal as F~ scavenger [1, 2]. In aqueous solution, follow-

ing ligand-exchange (hydrolysis) equilibrium reaction of metal-fluoro complex ion
(MF(==2"-) is presumed:

MFE=2~ 4 nH,0 = MO, + zF~ + 2nH™' (6.1)

The equilibrium reaction (6.1) is shifted to the right-hand side by addition of boric
acid or aluminum metal of F~ scavenger, which readily react with F~ and form
stable complex ions as follows:

H3BO; + 4HF = BF; + H30" + 2H,0 (6.2)

Al + 6HF < H;3AIFg + 3/2H, (6.3)

The LPD method is very simple process and does not require any special equipment
such as vacuum system. It is, moreover, easy to apply to various kinds of substrates
with large surface areas and/or complex morphologies, because the LPD method is
performed in an aqueous solution system.

This chapter deals with the preparation and characterization of iron oxyhydrox-
ide and iron oxide thin films by the LPD method. 3-FeOOH (akageneite) thin film
was formed from aqueous solution system of FeOOH-NH F-HF with addition of
H3BOj; solution. The deposited film was transformed into a-Fe;O3 (haematite) by
heat treatment.

6.2 Experimental

6.2.1 Liquici-phase deposition process

FeOOH-NH4F-HF solution was used as a parent solution for deposition. FeOOH was
precipitated by the hydrolysis of Fe(NOj); (Nacalai Tesque Inc.) with addition of
NHj ag. (Nacalai Tesque Inc.). After the filtration of the precipitate, it was washed
repeatedly and dried at ambient temperature. Then the precipitate was dissolved
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in 1.0 mol dm~3 NH,F-HF (Nacalai Tesque Inc.) solution at a concentration of
0.07 mol dm™2, and it was used for the parent solution. H3BOj3; (Nacalai Tesque
Inc.) was dissolved in distilled water at a concentration of 0.5 mol dm~3 and used
as F~ scavenger. FeOOH-NH4F-HF and H3BOj; solutions were mixed at various
compositions and used as the treatment solution for deposition.

Non-alkali glass (Corning, # 7059) was used as the substrate. After being de-
greased and washed ultrasonically, the substrate was immersed in the treatment
solution and suspended therein vertically. Reaction was carried out at 30 °C for
20 h. The substrate was then removed from the solution, washed with distilled
water and dried at ambient temperature. Heat treatment of the deposited films

were carried out in an air flow for 1 h at different temperatures ranging from 100 to
600 °C.

6.2.2 Characterization of the deposited films

X-ray diffraction (XRD) studies of the deposited films were carried out on a Rigaku
RINT-2100 diffractometer with thin film attachment, using Cu-Ka radiation (40 kV,
40 mA). The measurements were made at X-ray incidence angle of 1°. Crystal-
lite sizes of the deposited films were calculated using Scherrer’s equation, L =
0.94)\/B cos @, where L is the mean dimension of the crystallites, 3 is the full width in
radians subtended by the half maximum intensity width of the diffraction peak, 8 is
the diffraction angle, and ) is the wavelength of the Cu-Ka radiation (1.54 A) [3]. In
order to calculate the crystallite size, the intensities were accumulated by repeating
the measurement 20 times. Infrared (IR) absorption spectra of the deposited films
were measured with an A-302 IR spectrophotometer (Japan Spectroscopic Co. Ltd.)
in the range of 5000-330 cm™!. Fluorine and iron contents of the deposited films
were determined by an X-ray photoelectron spectroscopy (XPS, PHI, XPS-5600ci).
Surface morphologies of the films were observed by a scanning electron microscope
(SEM, Hitachi S-2500).

6.3 Results and Discussion

After reaction for 20 h, transparent orange film was formed on the substrate. The
deposited film showed strong adherence to the substrate. As shown in Fig. 6.1,
there was deposition region according to the concentrations of FeOOH and H3BOj
in the treatment solution. At the low concentration of H3BOj3, any deposition was
not observed. XRD patterns of the films formed at each point which are indicated
in Fig. 6.1 are shown in Fig. 6.2. The diffraction peaks of every film are assigned to
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Figure 6.2. X-ray diffraction patterns of the films formed at each point which are
indicated in Fig. 6.1. [FeOOH]: 7.0 mmol dm~3. [H3BOj3]: (a) 0.20, (b) 0.25, (c)
0.30, (d) 0.35, and (e) 0.40 mol dm~3. Reaction time: 20 h.
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B-FeOOH, but the intensity distributions of diffraction peaks are different according
to the concentration of H3BOj in the treatment solution. At the concentration of
H3BOj; was 0.20 mol dm™3 (at the point (a)), the intensity distribution of diffraction
peaks was agree with reported value for randomly oriented polycrystalline 5-FeOOH
powder, but the intensity of diffraction from (211) plane of 8-FeOOH increased for
the film deposited at the concentration of H3BO; was 0.25 mol dm~23 (at the point
(b)). When the concentration of H3BO; was more than 0.30 mol dm™3 (at the
points (c), (d), and (e)), the diffraction from (310) plane has disappeared completely,
and very intense diffraction peak from (211) plane was observed. It indicates that
the films, which deposited at the concentration of H3BOj3; are more than 0.30 mol
dm™3, are preferentially oriented to the [211] direction. Surface morphologies of the

&

3.0 um

SO0 30 Cag 30pm i ,
Figure 6.3. SEM photograph of the films formed at each point which are indicated
in Fig. 6.1. [FeOOH]: 7.0 mmol dm~2. [H3BOjs]: (b) 0.25, (c) 0.30, and (e) 0.40 mol

dm~3. Reaction time: 20 h.

films formed at each point which are indicated in Fig. 6.1 are shown in Fig. 6.3.
The films were constructed of particles which were several hundreds of nanometers
in diameter. Particle size was decreased with increasing concentration of HzBOs.
Those were around 200 nm for the film formed at the point (b), around 150 nm at
the point (c), and around 100 nm at the point (e), respectively.

For the formaiion of 3-FeOOH thin films by the LPD method, the author pro-
poses following deposition mechanism. The LPi* method consists of ligand-exchange
(hydrolysis) e +*itbrium reaction of metal-fluoro complex ion and F~ consuming re-
action by boric anid of F~ scavenger [1, 2]. Iron ion in th2 treatment solution exists
as Fe''l anc it mar be coordinated by fluorine ions like [FeFg]®~. Following F~
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releasing reaction proceeds on the film formation process:
[FeFg)*~ + nH,0 = [FeFs_,(OH) >~ 4+ nHF (6.4)

[FeF¢_,(OH), >~ + nH,0 = [Fe(OH),]*~ + nHF (6.5)

The ligand-exchange (hydrolysis) equilibrium reactions (6.4) and (6.5) are shifted
to the right-hand side under the low of mass action by the addition of boric acid
solution which readily reacts with F~ and forms stable complex as follows:

H3BOj; + 4HF = BF; + H;0" + 2H,0 (6.6)

The addition of boric acid in the treatment solution leads to consumption of non-
coordinated F~ and accelerates the ligand-exchange of [FeFs]®~ and [FeFg_,(OH),]>~.
Consequently, dehydration reaction occurs among [Fe(OH)g]3~ species on the surface
of the substrate, and iron oxyhydroxide thin film forms on the substrate.

It is well known that the presence of Cl~ or F~ ions during hydrolysis of Fe!!l
results in formation of 3-FeOOH instead of a-FeOOH [4, 5, 6]. A large number of
investigations related to the formation of 3-FeOOH by hydrolysis of FeCl; aqueous
solution have been made by many researchers. According to these investigations, the
crystal structure of §-FeOOH has tunnel parallel to c-axis, in which water molecules
and Cl1~ ions were accommodated [6, 7, 8, 9]. In the case of F~ ion, same discussion is
accepted, that is, F~ ions were accommodated in the tunnel of 3-FeOOH. From XPS
studies, F contents were 14.8 and 14.7 % F/Fe for the films formed at the points (b)
and (c) in the Fig. 6.1, respectively, indicating that the F content in the deposited
film was independent on the concentration of H3BOj3 in the treatment solution. The
unit cell of -FeOOH has eight Fe atoms. If one F~ ion is accommodated in the
unit cell of §-FeOOH, the F content is 1/8 = 12.5 % F/Fe [8]. In the present case,
F content was ca. 15 % F/Fe which is larger than 12.5 % F/Fe. It is considered
that some F~ ions existed at the surfaces of the crystals which consist of the film.

Figure 6.4 shows XRD patterns of the films which were heat-treated at various
temperatures for 1 h. The films were formed at the point (c) in Fig. 6.1, that is the
as-deposited film was oriented -FeOOH. As shown in Fig. 6.4, transformation into
a-Feo O3 upon heat treatment was observed. On the heat treatment at 100 °C, the
intensities of the diffraction peaks were reduced, but there is no change in crystal
phase. Only one broad and low-intensity diffraction peak was observed for the film
heat-treated at 200 to 500 °C. The diffraction peak was assigned to a-Fe;O3. On
the heat treatment at 600 °C, the film was completely transformed into a-Fe;Os.
Ishikawa et al. 7, 8] reported that 3-FeOOH, which obtained by hydrolysis of FeCls,
changes to an amorphous mixture of §-FeOOH and a-Fe;Oj3 in the temperature
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Figure 6.4. X-ray diffraction patterns of the deposited films heat-treated at various
temperatures. (a): As-deposited film, (b) to (g): films heat-treated at 100, 200,
300, 400, 500, and 600 °C. O: §-FeOOH, v: a-Fe;O3. [FeOOH]: 7.0 mmol dm™3.
[H3BO3): 0.3 mol dm~3. Reaction time: 20h.

range from 200 to 300 °C, and is transformed into crystalline a-Fe,O3 above 400 °C.
In the present case, a-Fe,O3 phase was observed for the film heat-treated above 200
°C, however the crystallinity was low even heat-treated at 500 °C. The crystallite
size which calculated using Scherrer’s equation [3] for the diffraction peak at ca. 35°
(diffraction from (211) plane for 3-FeOOH and that from (110) plane for a-Fe2O3)
is shown in Fig. 6.5. The crystallite size decreased with increasing heat-treatment
temperature up to 300 °C, thereafter it increased. The decrease of the crystallite size
is due to destruction of the structure of 3-FeOOH, and the increase of the crystallite
size is due to the crystal growth of a-Fe,O3 phase. The intensity distribution of the
diffraction peaks of the film heat-treated at 600 °C is different from that of randomly
oriented powder of a-Fe,O3. The diffraction from (110) plane is particularly intense,
indicating that the film is partially oriented to [110] direction.

Figure 6.6 shows SEM photographs of the films heat-treated at various temper-
atures. Any morphological change was not observed upon the heat treatment.

Figure 6.7 shows the F/Fe atomic ratio of the films formed at the point (c) in
Fig. 6.1 as a function of heat treatment temperature. The F content in the deposited
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Figure 6.5. Relationship between the crystallite size and heat-treatment tempera-
ture. O: Calculated for the diffraction peak from (211) plane of §-FeOOH and 0O:
calculated for (111) plane of a-Fe,O3. [FeOOH]: 7.0 mmol dm™2. [H3BO;]: 0.3 mol

dm~2. Reaction time: 20h.
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Rt
Figure 6.6. SEM photograph of the films heat-treated at various temperatures in
an air flow. Films heat-treated at 200 (a), 400 (b), and 600 °C (c). [FeOOH]: 7.0
mmol dm~3, [H3BOj3]: 0.3 mol dm~2. Reaction time: 20 h.

film is constant below 100 °C, decreased rapidly with increasing temperature in the
range 100-300 °C and then decreased gently with temperature up to 600 °C. It is
presumed that 3-FeOOH contains two kinds of F'~ ions, one of which can be readily
removed and the other which strongly bound to Fe. The formers are presumably
existed on the surfaces of the crystals and the latters are accommodated in the
tunnel of 3-FeOOH [10]. The F content of the film heat-treated at 600 °C was
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Figure 6.7. F contents in the deposited films heat-treated at various temperatures.
[FeOOH]: 7.0 mmol dm~3. [H3BO3]: 0.3 mol dm~3. Reaction time: 20h.

0.19 % F/Fe.
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Figure 6.8. IR absorption spectra of the deposited films heat-treated at various
temperatures. (a): As-deposited film, (b) to (d): films heat-treated at 200, 400, and
600 °C. [FeOOH]: 7.0 mmol dm~3, [H3BO3]: 0.3 mol dm~3. Reaction time: 20 h.

IR absorption spectra of the deposited films heat-treated at various temperatures
are shown in Fig. 6.8. The spectra were measured by conventional KBr method for
the films which scratched out from the substrates. IR absorption spectrum of the



64 Chapter 6

as-deposited film has absorption bands at 700 and 450 cm™!. Miiller [11] reported
that #-FeOOH prepared from FeCl; solution has IR absorption bands at 840 and
690 cm~! due to the deformation mode of Fe-OH groups. Ishikawa and Inouye [8]
reported that 5-FeOOH has absorption bands at 840, 690, and 640 cm™! which
are assigned the deformation mode of Fe-OH groups. And the absorption bands
at 840 and 640 cm~! diminished with removal of Cl~ ions contained within the
tunnels of S-FeOOH crystal. Ishikawa et al. [12, 13] accounted the diminution of
the absorption bands at 840 and 640 cm™! as follow. In the 3-FeOOH, Fe-OH groups
exist in the wall of the tunnels of the crystal. Cl~ ions and water molecules exist in
the tunnels, therefore there are two kinds of Fe-OH groups one of which interacts
with Cl™ ions and another which interacts with water molecules. The absorption
bands at 840 and 640 cm~! which diminished with removal of Cl~ ion are assigned
to the deformation band of Fe-OH groups interacting with Cl1~ ions. In the present
spectra (Fig. 6.8), the bands of 840 and 640 cm™! were not observed. The details are
indistinct, but it is considered that differences in interaction with water molecules
between Cl~ and F~ cause such difference in IR absorption band.

The absorption band at 450 cm™! is assigned to lattice vibration of 3-FeOOH [10].
For the films heat-treated at 200 and 400 °C, the absorption bands became broad and
the absorption band at 700 cm™! was disappeared, indicating that the destruction of
the structure of 5-FeOOH and transformation into a-Fe;O3. IR absorption spectrum
of the film heat-treated at 600 °C showed absorption bands at 540 and 470 cm™!,
which are characteristic of a-FeoOj [10, 14].

6.4 Conclusion

The LPD method was applied to the preparation of iron oxyhydroxide and iron oxide
thin films. The crystalline 3-FeOOH thin film was formed by the LPD method from
a mixed solution of (FeEOOH-NH,F-HF) and H3;BO; at ambient temperature. F
content of the formed film was ca. 15 % F/Fe. XRD measurements revealed that the
film deposited at higher concentration of H3BO3 was oriented to the [211] direction.
On the other hand, the formed film was randomly oriented when the concentration
of H3BO3 was low.

On heat treatment in an air flow, the deposited film (crystalline -FeOOH) was
changed to amorphous, and was transformed into a-Fe;O3 completely at 600 °C.
F/Fe atomic ratio of the deposited film decreased with increasing heat treatment
temperature, and it was 0.19 % for the film heat treated at 600 °C.

The author proposes the following reaction mechanism for the deposition of iron
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hydroxide thin films by the LPD method. In the treatment solution, Fel' exists
as [FeFg]3~ or partially hydrolyzed species, [FeFg_,(OH),]>~. The ligand-exchange
(hydrolysis) reaction of such species was accelerated by the addition of H3BOj3 as
F~ scavenger. Then the dehydration reaction occurs in [Fe(OH)g]*~ at the surface
of the substrate. Consequently, iron oxyhydroxide thin film formed on the immersed
substrate.
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7.1 Introduction

Microcrystals of metals and semiconductor-doped glasses have been studied in detail
due to their large optical nonlinearity [1, 2, 3, 4, 5]. These glasses are expected to
be used in optical logic devices in an optical information context. Generally, these
metal-dispersed glass films or thin layers are prepared by r.f. sputtering [1], ion-
implantation [2], and the sol-gel method [3].

In the Chapter 2, the author described a very simple wet process for the prepara-
tion of TiO4 thin films, the Liquid-Phase Deposition (LPD) method. In this process,
transparent anatase thin films form directly on the substrates which are immersed
in a mixed solution of ammonium hexafluorotitanate [(NH4),TiFg| and boric acid
(H3BO3). In the solution, following ligand-exchange (hydrolysis) equilibrium reac-
tion of (NH4),TiFg is presumed:

[TiF¢)>~ + nH,0 = [TiF¢_,(OH),)*~ + nHF (7.1)

This equilibrium reaction is shifted to the right-hand side by the addition of boric
acid which readily reacts with F~ and forms stable complex ion as follows:

H;BO; + 4HF = BF; + H;0" + 2H,0 (7.2)

The addition of H3BOj3 leads to consumption of non-coordinated F~ ions and ac-
celerates the ligand-exchange (hydrolysis) reaction (7.1). Consequently, titanium
oxide thin films form on the substrates immersed in the solution. This process is
readily applied to the preparation of thin films on substrates which have a complex
morphologies and large surface areas without special equipment, because the LPD
process is performed in an aqueous solution system. Multi-component oxide thin
films can be formed by the addition of the objective metal ion to the treatment
solution.

In this chapter, preparation and characterization of Au-dispersed TiO; thin film
using the LPD method by adding tetrachloroauric acid (HAuCly) solution to the
mixed solution of (NH4),TiFg and H3BOj is described. The as-deposited film con-
tained Au''! and following heat treatment or photoirradiation produced dispersed
Au metal particles. The films deposited were characterized by X-ray diffraction,
X-ray photoelectron spectroscopy, transmission electron microscopy, and optical ab-
sorption spectroscopy.
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7.2 Experimental

7.2.1 Liquid-phase deposition process

As parent solutions, (NH,),TiFg (Kishida Chemical Co. Ltd.) and H3BOj3; (Nacalai
Tesque Inc.) were dissolved in distilled water at concentrations of 0.5 mol dm=3,
and HAuCly (Wako Pure Chemical Industries Ltd.) was dissolved in distilled water
at a concentration of 2.4 mmol dm~3. These solutions were mixed at various com-
positions and used as the treatment solution for deposition. The films were formed
at a concentration of 0.1 mol dm~3 for (NH,4),TiFg and of 0.2 mol dm~2 for H3BO3.
This solution composition is that corresponding to the concentration at which the
transparent anatase thin film was formed (cf. Chapter 2). The concentration of
HAuCly in the treatment solution was varied from 0.1 to 1.0 mmol dm~3. Most of
the experiments were performed with the concentration of HAuCl, at 0.29 mmol
dm~3. Non-alkali glass (Corning, # 7059) was used as the substrate. After being
degreased and washed ultrasonically, the substrate was immersed in the treatment
solution and suspended therein vertically for 20 h. The substrate was then removed
from the solution, washed with distilled water and dried at ambient temperature.
Heat treatment was carried out in an air flow for 1 h at various temperatures from
100 to 600 °C. Photoirradiation of the deposited films were carried out by a 100 W
high-pressure mercury lamp USH-102D (Ushio Denki Co.) with a power supply HB-
101A (Ushio Denki Co.) at ambient temperature for 20 to 120 min. The irradiated
films were stored in the dark at ambient temperature.

7.2.2 Characterization of the deposited films

The atomic ratios of Au/Ti in the deposited films were determined by inductively
coupled plasma atomic emission spectroscopic analysis (ICP-AES, Seiko Instru-
ments Inc., SRS 1500VR) of the solutions produced by dissolving the films with
dilute hydrochloric acid. X-ray photoelectron spectroscopic (XPS) analyses of the
deposited films were carried out on a Shimadzu ESCA 750 instrument. X-ray diffrac-
tion (XRD) studies of the deposited films were measured on a Rigaku RINT 2100
diffractometer with thin film attachment, using Cu-Ka radiation (40 kV, 40 mA).
Crystallite sizes of the dispersed gold were calculated using Scherrer’s equation,
L = 0.94)\/( cosf, where L is the mean dimension of the crystallites, § is the full
width in radians subtended by the half maximum intensity width of the diffraction
peak, 4 is the diffraction angle, and X is the wavelength of the Cu-Ka radiation
(1.54 A) [6]. In order to calculate the crystallite size, the intensities were accu-



70 Chapter 7

mulated by repeating the measurement 10 times. Optical absorption spectra were
measured with a UVIDEC 660 (Japan Spectroscopic Co. Ltd.). Particle sizes of
the dispersed Au metal were measured directly on a Hitachi H-7100TE transmission
electron microscope (TEM).

7.3 Results and Discussion

The deposited film was colourless, transparent, and showed strong adherence to the
substrate.
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Figure 7.1. Relationship between the Au/Ti atomic ratio of the deposited film
and the concentration of HAuCly in the treatment solution. Concentration of
(NH4)2TiFs: 0.1 mol dm™2 and of H3BOj3: 0.2 mol dm~3. Reaction time: 20 h.

Figure 7.1 shows the relationship between the concentration of HAuCly in the
treatment solution and the Au/Ti atomic ratio of the deposited films. The Au
content of the deposited film increased up to ca. 0.16 with increasing HAuCly con-
centration in the treatment solution. This indicates that the Au content of the
film is controllable over a wide range by controlling the concentration of HAuCly
in the treatment solution. In the X-ray photoelectron spectrum of the as-deposited
film, the binding energy of Au 4f7/; was 86.3 eV which is close to that of Au' [7],

indicating that gold exist as Au'! ionic species in the as-deposited film.
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7.3.1 Heat treatment of the deposited films

The film changed from colourless to purple on heat treatment, indicating the for-
mation of Au metal particles in the film. In the X-ray photoelectron spectrum of
the film heat-treated at 600 °C, the binding energy of Au 4f;,, was 84.3 eV which
is close to that of Au metal [7].
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Figure 7.2. X-ray diffraction patterns of the deposited films heat-treated at various
temperatures for 1 h. (a): As-deposited film, (b) to (g): films heat-treated at
100, 200, 300, 400, 500, and 600 °C, respectively. O: Au, ®: TiO, (anatase).
Concentration of (NHy)TiFs: 0.1 mol dm™3, of H3BOj;: 0.2 mol dm~3, and of
HAuCly: 0.29 mmol dm—3. Reaction time: 20 h.

The XRD patterns of the deposited films which were heat-treated at various
temperatures for 1 h are shown in Fig. 7.2. The measurements were made at an X-
ray incidence angle of 1°. The as-deposited film and the film heat-treated at 100 °C
were amorphous without any significant diffraction peak. The diffraction peaks
assigned to Au metal were observed for the deposited films after heat-treated above
200 °C. The decomposition of Au'! ionic species with formation of Au micro crystals
occurred in the temperature range 100 to 200 °C. The full-width at half-maximum
of the diffraction peaks of Au (111) decreased as the heat-treatment temperature
increased, indicating that the Au metal crystals aggregated and grew in crystallite
size during the heat treatment. The crystallite sizes calculated using Scherrer’s
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equation [6] for the diffraction line from Au (111) are summarized in Table 7.1. For
the films heat-treated above 400 °C, diffraction peaks assigned to anatase as the
matrix phase of the film were also observed. This indicates that the oxide phase
as the matrix was transformed from amorphous to crystalline anatase by the heat
treatment simultaneously with formation and aggregation of the Au metal particles.

Table 7.1. Crystallite and mean particle sizes of the dispersed Au metal particles in

the films heat-treated at various temperatures.
heat-treatment crystallite mean

temperature/°C  size/nm  particle size/nm

200 8.5 -
300 11.5 -
400 12.4 14.6
500 14.0 17.4
600 14.0 15.6

Figure 7.3. TEM photograph of the deposited film heat-treated at 400 °C for 1 h.
Concentration of (NH4),TiFg: 0.1 mol dm=3, of H3BOj3: 0.2 mol dm~3, and of
HAuCl,: 0.29 mmol dm~3. Reaction time: 20 h.
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Figure 7.4. Size distributions of dispersed Au metal particles in the deposited films
heat-treated at 400 (a), 500 (b), and 600 °C (c). Concentration of (NH4);TiFg: 0.1
mol dm™3, of H3BO3: 0.2 mol dm™2, and of HAuCls: 0.29 mmol dm=3. Reaction
time: 20 h.

A TEM photograph of the deposited film after heat-treated at 400 °C is shown
in Fig. 7.3. In order to study them with the TEM, gold-dispersed thin films were
removed from the substrates by exposure to hydrogen fluoride (HF) vapour. The
Au metal particles are spherical and uniformly dispersed in the film. Particle-size
distributions of the dispersed Au metal for the films heat-treated at 400, 500, and
600 °C are shown in Fig. 7.4. 300 Particles were counted to obtained the distribu-
tions shown. The size distributions became broad as the heat-treatment tempera-

ture increased. The mean particle sizes of dispersed Au metal are summarized in
Table 7.1.

The optical absorption spectra of the deposited films after heat treatment for
1 h are shown in Fig. 7.5. The absorption spectrum of the as-deposited film showed
no absorption bands except for that below 400 nm due to the interband transition
of the TiO, matrix. The absorption bands due to the surface plasmon resonance
of the Au metal fine particles were observed for the deposited films heat-treated
above 200 °C. The plasmon band increased in intensity and shifted toward longer
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Figure 7.5. Optical absorption spectra of the deposited films heat-treated at various
temperatures for 1 h. (a): As-deposited film, (b) to (g): films heat-treated at 100,
200, 300, 400, 500, and 600 °C, respectively. Concentration of (NH4);TiFg: 0.1 mol
dm~3, of H3BO3: 0.2 mol dm~2, and of HAuCly: 0.29 mmol dm~3. Reaction time:
20 h.

wavelengths from 555 to 608 nm, with increasing heat-treatment temperature. The
change of the absorption peak position of the deposited films heat-treated at various
temperatures is shown in Fig. 7.6. The peak wavelength shifted slightly to longer
wavelengths up to 300 °C, then shifted markedly with increasing heat-treatment
temperature. For other gold-dispersed glasses, similar red shifts have been reported
[1, 2, 8]. The plasmon band is affected by the dispersed metal particle size, relative
permittivity of the surrounding matrix, and the aggregation of the metal particles
8, 9, 10, 11, 12]. For colloidal gold particles in water, Bloemer et al. [11] reported
that the peak wavelength of the surface plasmon resonance shifted ca. 12.5 nm
toward longer wavelengths with increasing particle size from 5 to 30 nm. In our
samples, the peak wavelength shifted by ca. 55 nm towards longer wavelengths with
increasing the heat-treatment temperature, although the mean particle sizes of the
dispersed gold are almost constant around 15 nm for the films heat-treated above
400 °C (Table 7.1). The absorption coefficient, a, of the plasmon band of gold-
dispersed glass is expressed as follows [2]:

w
a=pife, (73)

e (7.4
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Figure 7.6. Relationship between the peak wavelength of the surface plasmon band
of dispersed Au metal particles in the film and the heat-treatment temperature of
the film. Concentration of (NH,);TiFg: 0.1 mol dm=3, of H3BOj3: 0.2 mol dm™3,
and of HAuCly: 0.29 mmol dm~—3. Reaction time: 20 h.

Where e, (w) = €, + i€, is the relative permittivity of the gold particles, €4 is the
relative permittivity of the matrix, p is the volume fraction of gold particles, w is
the wavelength, n is the refractive index of the matrix, c is the velocity of light, and
fi is the local field factor. The maximum absorption given by

€m = —2€4 (7.5)

The peak wavelength of the plasmon resonance depends on the relative permittivity
of the dispersed gold particles, which depends on the particle size [2], and that of
the matrix. As shown in Fig. 7.6, the peak wavelengths shifted markedly towards
longer wavelengths for the films heat-treated above 300 °C. From the XRD studies
of the films (Fig. 7.2), the TiO, as matrix phase was transformed from amorphous
to crystalline by heat-treatment above 300 °C. Based on these results, the author
concludes that the shift of the plasmon band toward longer wavelengths by the heat
treatment was caused by the change in relative permittivity of the matrix due to
the crystallization of TiOs.
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7.3.2 Photoirradiation of the deposited films

Au(111)
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Figure 7.7. X-ray diffraction patterns of the deposited films irradiated for various
time. (a): As-deposited film, (b) to (g): films irradiated for 20, 40, 60, 80, 100, and
120 min, respectively. Concentration of (NH);TiFg: 0.1 mol dm~3, of H3BOj3: 0.2
mol dm~2, and of HAuCly: 0.29 mmol dm~3. Reaction time: 20 h.

In the previous section, Au'!

ionic species in the as-deposited film were reduced to
Au metal by heat treatment in an air flow. In this section, the author tried to reduce
Au' to Au metal by photoirradiation of the deposited film at ambient temperature.

The XRD patterns of the deposited films which were irradiated for various time
are shown in Fig. 7.7. The as-deposited film and the films irradiated for 20 and
40 min were amorphous without any significant diffraction peak. On the other
hand, the diffraction peaks assigned to Au metal were observed for the films after
irradiation for more than 60 min. The intensity of the diffraction peak at 38.1° which
is assigned to (111) reflection line of cubic Au was increased as the irradiation time
increased. As previously reported (cf. Section 7.3.1), heat treatment of the deposited
film produces the dispersed Au metal particles accompanied by the crystallization of
TiO, as matrix. For the present case, photoreduction of Au' to Au metal, titanium
oxide as matrix remains amorphous phase. The crystallite sizes of the dispersed Au
metal particles which were calculated using Scherrer’s equation [6] for the diffraction
line from Au(111) are ca. 6 nm.
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TEM photographs of the as-deposited film and the film irradiated for 20 and
100 min are shown in Fig. 7.8. In order to investigate with the TEM, thin films
were scratched out from the substrates. As shown in Fig. 7.8 (a), any particles were
not observed for the as-deposited film. For the irradiated films, Au metal particles
dispersed in the film were observed. Content of the Au metal particles of the film
irradiated for 100 min was more than that irradiated for 20 min. The Au particles
were almost spherical and sizes of the dispersed Au particles were around 15 nm
for the film irradiated for 20 min. Two kinds of particles were observed for the film
irradiated for 100 min (Fig. 7.8 (c) and (d)). One is the smaller than the other. The
sizes of the Au particles were around 10 to 50 nm and the size distribution of the
dispersed Au particles seemed to be large. Both of the particles of the film irradiated
for 100 min were not spherical, and they were constructed of several particles.

The optical absorption spectra of the deposited films after irradiated for various
time are shown in Fig. 7.9. The irradiated films were kept in the dark for 48 h at
ambient temperature before the spectra measurements. The absorption over 500 nm
for the as-deposited film result from the interference of the light. The absorption
band below 450 nm due to the interband transition of the matrix were observed for
every sample. The absorption over the visible region increased by the irradiation of
the film. Figure 7.10 shows the differential absorption spectra which subtracted the
spectrum of the as-deposited film from that of the irradiated film. The absorption
bands due to the surface plasmon resonance of the Au metal fine particles were
observed around 550 nm, indicating the formation of Au metal particles upon the
photoirradiation. The plasmon band increased in intensity and shifted toward longer
wavelengths with increasing irradiation time. The change of the absorption peak
position of the deposited films irradiated for various time is shown in Fig. 7.11.
The peak wavelength shifted slightly toward longer wavelengths from 537 to 556 nm
with increasing irradiation time. As mentioned in Section 7.3.1, the plasmon band
is affected by the relative permittivity of the dispersed gold particles and of the
surrounding matrix, and the volume fraction of the gold metal particles [8, 9, 10,
11, 12]. According to the Egs. (7.3) and (7.5), the surface plasmon band intensified
with increasing volume fraction of gold particles, and the peak wavelength depends
on the relative permittivity of the dispersed gold particles, which depends on the
particle size, and that of the matrix. The increasing of the absorbance due to
the surface plasmon resonance with increasing irradiation time may be caused by
the increasing of volume fraction of the dispersed gold particles. In the case of
photoirradiated film, it is considered that the TiO, as the matrix does not change in
the relative permittivity. Thus the shift of the peak wavelength is due to the change
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of the dispersed particle size, that is, the change of the relative permittivity of the
dispersed Au metal particles.

For the preparation of Au-dispersed silica gel by photoreduction of AuCl;, Tana-
hashi and Tohda [13] proposed similar mechanisms to the photoreduction of AuCly
ions in water and in microemulsions [14, 15]. According to them, AuCl; ions have
absorption at 320 nm and are photoreduced as follows:

AutCl; 2% Au?tCly + Cl (7.6)
2Au?*Cl; — AuPTCl; + AutCl; (7.7)
Au*Cl; 2% Au® + Cl+ Q1™ (7.8)
nAu’ — (Au’), (7.9)

In the present case, most of the photons lower than 450 nm may be absorbed by
TiO, as the matrix (Fig 7.9). It is well known that the TiO, absorbed photon energy
larger than the band gap, generating electrons in the conduction band (egg) and
holes in the valence band (h{y) as follows:

(TiO2) + hv —» egp + hifg (7.10)

The generated charges then trapped by appropriate sites, as illustrated in Egs. (7.11)
and (7.12).
ecg — €4 (7.11)

hi{z — h (7.12)

The subscript tr represents a trap. Au'!!

ions in the TiO, were reduced by such
electrons according to

Auv®t 4 3e; — AW (7.13)
nAu® — (Au’) (7.14)

On the other hand, the trapped holes may react with H,O or other species which
contained in the film. The author therefore concludes that the reduction of Au'!
species in the as-deposited film may occurred by both photochemically and photo-

catalytically.
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Figure 7.8. TEM photographs of the deposited film before irradiation (a) and after
irradiation for 20 min (b) and 100 min (c). Concentration of (NH4),TiFg: 0.1 mol
dm™3, of H3BO3: 0.2 mol dm™2, and of HAuCly: 0.29 mmol dm™3. Reaction time:
20 h.
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Figure 7.9. Optical absorption spectra of the deposited films irradiated for various
time. (a): As-deposited film, (b) to (g): films irradiated for 20, 40, 60, 80, 100, and
120 min, respectively. Before spectra measurements, the films were kept in the dark
for 48 h. Concentration of (NH4);TiFe: 0.1 mol dm~3, of H3BO3: 0.2 mol dm~3,
and of HAuCly: 0.29 mmol dm~3. Reaction time: 20 h.
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Figure 7.10. Differential optical absorption spectra of the deposited films irradiated
for various time. (a) to (f): Films irradiated for 20, 40, 60, 80, 100, and 120 min,
respectively. Before spectra measurements, the films were kept in the dark for 48 h.
Concentration of (NHy)TiFgs: 0.1 mol dm=3, of H3BO3: 0.2 mol dm~3, and of
HAuCly: 0.29 mmol dm~3. Reaction time: 20 h.
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Figure 7.11. Relationship between peak wavelength of surface plasmon band of
dispersed Au metal particles in the film and irradiation time. Concentration of
(NH4);TiFg: 0.1 mol dm=3, of H3BO3: 0.2 mol dm™3, and of HAuCly: 0.29 mmol
dm™3. Reaction time: 20 h.
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Figure 7.12. Time course of absorbance at 550 nm after irradiation for 120 min.
Concentration of (NH4)oTiFg: 0.1 mol dm=3, of H3BO3: 0.2 mol dm™3, and of
HAuCl,: 0.29 mmol dm~3. Reaction time: 20 h.
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Figure 7.12 shows the time course of absorbance at 550 nm, which is the peak
wavelength of the surface plasmon band, of the film after irradiation of 100 min.
The films were stored in the dark at ambient temperature before the spectra mea-
surements. The peak wavelength did not change with elapsed time. As shown in
Fig. 7.12, the absorbance of surface plasmon band increased with elapsed time until
72 h after the irradiation and then became constant. The details are indistinct, but
it suggests that the increasing the number of dispersed gold particles and/or the
growth of dispersed gold particles may occur in the dark. Further investigation is
necessary to determine the mechanism of photoreduction of Au! jons in titanium
oxide.

7.4 Conclusion

We have developed a very simple process for the preparation of Au-dispersed TiO;
thin films. The TiO, thin film containing Au'" ions was formed by the LPD method
from a mixed solution of (NH,4),TiFs, H3BOj3, and HAuCl, at ambient temperature
and atmosphere. The Au content in the film was controlled easily by controlling the
concentration of HAuCly in the treatment solution.

Heat treatment of the deposited film above 200 °C produced Au metal particles
which were ca. 15 nm in diameter. The size distribution of the dispersed Au particles
became broad as the heat-treatment temperature increased. Crystallization of TiO,
as the matrix occurred simultaneously with formation of Au metal particles during
the heat treatment. Surface plasmon resonance bands were observed for the films
heat-treated above 200 °C. The peak wavelength shifted by ca. 55 nm towards longer
wavelengths following the heat treatment. The shift of the peak position is caused
by the change of the relative permittivity of the TiO, as the matrix crystallized.

Photoirradiation of the deposited film also produced dispersed Au particles. Par-
ticle size of the dispersed Au metal became large as irradiation time increased. The
size distribution of the particles seemed to be large. Surface plasmon resonance
bands due to the dispersed Au particles were observed for the photoirradiated films.
The surface plasmon band intensified with increasing irradiation time, indicating
that the volume fraction of dispersed Au metal particles in the film increased as
irradiation time. The shift of the surface plasmon band with increasing irradia-
tion time, which due to the change of the dispersed Au particle size, that is the
change of the relative permittivity of dispersed Au, was observed. Photoreduction
of Au'"! ionic species in the as-deposited film to Au metal may occurred by both
photochemically and photocatalyticaly.
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In the present thesis, preparation, characterization, and properties of metal oxide
thin films by the Liquid-Phase Deposition (LPD) method were studied. The results
were summarized as follows.

In Chapter 2, titanium (IV) oxide (anatase) thin films have been prepared
from an aqueous solution system of (NH,);TiFg and H3BO3 by the LPD method.
The aspects and chemical composition of the formed films were different accord-
ing to the concentrations of (NH4),TiFs and H3BO3. At low concentration range
of (NH4),TiFg, hazy or transparent TiO; (anatase) thin film was formed, and at
high concentration of (NH,),TiFg, micro-crystalline of NH,TiOF; was deposited.
Thickness of the deposited TiO; film increased linearly with reaction time. Crys-
tallinity of the deposited TiO, thin film was improved upon the heat treatment.
The heat treated film showed photoelectrochemical behavior. Photocurrent due to
the decomposition of water increased with increasing heat treatment temperature.

In Chapter 3, the QCM technique was applied to the monitoring thin film for-
mation by the LPD method. This is the first attempt to monitor the growth of thin
film by the LPD method with QCM technique. The linear relationship was observed
between the thickness measured by the QCM technique and that measured by the
direct observation with a SEM, indicating that it is possible to monitor the growth of
thin film by the LPD method with QCM technique. In Chapter 3, The effects of the
concentration of free F~, (NH,),TiFg, and H3BOj3 on the titanium oxide thin film
formation were studied. The initial stage of the deposition reaction, the induction
period, free F~ ions in the treatment solution preferentially react with H3BO3. The
induction time depended on the concentration of free F~, and the film formation rate
independed on the concentration of free F~. The film formation rate increased and
induction period decreased with increasing H3BOj; concentration. As (NHy),TiFg
concentration increased, the film formation rate decreased, and the dependence of
the induction period on (NH4),TiFg concentration was small.

In Chapter 4, the LPD method was applied to the preparation of vanadium oxide
thin films. (V,05-HF) solution was used as the treatment solution, and aluminum
metal was used as F~ scavenger. The as-deposited film was amorphous and con-
sisted of reduced state vanadium ions. The film was crystallized and oxidized upon
the heat treatment. The film heat-treated at 300 °C consisted of mixed compounds
of V307 and V05, and the film heat-treated at 400 °C was V205. The vanadium
oxide was formed through the ligand-exchange (hydrolysis) reaction of [VOF,]*~"
which was accelerated by the addition of aluminum metal as F~ scavenger. The
crystallized film showed reversible color change when lithium ion was electrochem-
ically intercalated and deintercalated, that is electrochromism. On injected charge
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by applying an external voltage with the polarity of the V,Oj film negative, the
optical absorption above 650 nm increased. The absorbance was increased linearly
with charge injection, and it decreased gently with charge extraction. Although the
whole injected charges extracted from the colored film, the absorbance was not agree
with that of the initial state. It suggests that the positive charges which do not act
the coloring process are extracted during the bleaching process.

In Chapter 5, VO, thin film has been prepared by heat treatment of the vanadium
oxide thin film obtained by the LPD method in an N, atmosphere. Monoclinic VO,
thin film was obtained upon the heat treatment above 400 °C in an N, atmosphere.
No other phases were detected by XRD studies. The obtained VO, thin film was
partially oriented to the [001] direction. The obtained VO, thin film exhibited
metal-to-semiconductor transition behavior around 70 °C. The transition behavior
depended on the preparation condition of the film.

In Chapter 6, the LPD method was applied to the preparation of iron oxide
thin films. The crystalline §-FeOOH thin film was formed by the LPD method
from a mixed solution of FeOOH-NH4F-HF and H3BOj; at ambient temperature.
XRD measurements revealed that the film deposited at higher concentration of
H3BO3 was oriented to the [211] direction. On the other hand, the formed film was
randomly oriented when the concentration of H3BO3; was low. On heat treatment
in an air flow, the deposited film (crystalline 5-FeOOH) was changed to amorphous,
and was transformed into a-Fe;O3 completely at 600 °C. The iron hydroxide thin
film was formed through the ligand-exchange (hydrolysis) reaction of [FeFg]*~ or
partially hydrolyzed species, [FeFgs_,(OH),]3~ which was accelerated by the addition
of H3BOj3 as F~ scavenger.

The LPD method can be applied readily to the preparation of multi-component
oxide thin films by the addition of the objective metal ion to the treatment solution,
because it is performed in an aqueous solution system which is a typical homoge-
neously mixing system. In Chapter 7, Au-dispersed TiO, (anatase) thin films have
been prepared by the LPD method. The titanium oxide thin film containing Au™
ions was formed from mixed solution of (NH4)2TiFg, H3BO3, and HAuCly by the
LPD method. The Au content in the film was controlled easily by controlling the
concentration of HAuCly in the treatment solution. Heat treatment of the deposited
film above 200 °C in an air flow produced dispersed Au metal particles, accompa-
nied by the crystallization of titanium oxide as a matrix. The optical absorption
band due to the surface plasmon resonance of dispersed Au metal particles shifted
toward longer wavelengths with increasing heat treatment temperature. This shift is
caused by the change of the relative permittivity of the matrix crystallized. Photoir-
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radiation of the as-deposited film also produced dispersed Au metal particles. The
surface plasmon resonance band intensified and shifted toward longer wavelengths
as irradiation time increased. The increasing of absorbance was caused by the in-
creasing of the volume fraction of the dispersed Au, and the shift was due to the
change of dispersed Au particle size. Photoreduction of Au'™ may occurred both
photochemically and photocatalytically.

The LPD method is a very simple process to preparation of metal oxide thin films.
The metal oxide or multi-component oxide thin films form directly on the substrate
from an aqueous solution system. This process is milder and more cost-effective
than the conventional methods such as vacuum evaporation, sputtering, chemical
vapor deposition, and sol-gel method, because it does not require special equipment
and expensive regents. There are, however, several problems. Several advantages
and problems are summarized in Table. 8.1. The author is of the opinion that such
problems are possible to improve.

Advantages Problems

e Operation is easy. e Processing time is long.

e Operation temperature is low. e Containing fluorine as impurity.

e Substrate is unrestricted e Remaining water.

(material, area, and morphology). e Generating cracks when drying

e Does not require special apparatus or heat treatment procedure

and high energy. (depends on product).

e Multi component oxide films are obtained | e Treatment of fluoride is uneasy.

readily and composition control is easy. e By-product precipitates in bulk
(depends on product).

Table 8.1. Characteristics of the LPD method.

In the present study, the LPD method was applied to the preparation of several
metal oxide thin films, and characterization of the formed films were studied. Fig-
ure 8.1 shows the possibility of preparing oxide thin films by the LPD method so
far. It may be possible to preparation of other metal oxide and multi-component
oxide thin films by the LPD method. In the future, further studies with respect to
the mechanism of the formation of thin films by the LPD method are necessary to
establish the LPD method as more well-defined process. The author expects that
the LPD method is utilized widely.
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Figure 8.1. Possibility of preparation of oxide thin films by the LPD method.
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