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CHAPTER 1. General Introduction

Chapter 1

General Introduction

1.1 Background

Energy is the source of life and from time immemorial sun has been the source of energy. In
the flow of wind, in the cascade of waves in the sea, in the movement of a living being and in the
growing up of a child, energy is manifested in different forms and of which sun has been the sole
source. In all times, man has looked for energy to make his life more comfortable and more active.
With the gradual development of human civilization, man has learnt to extract energy from fossil
fuels, where sun's energy was stored millions of years before, and from atoms, where the energy
was locked from the beginning of the universe. However, an explosion in the world population, with
an ever increasing demand of mankind for energy, makes the present energy supply insufficient. With
the dwindling fossil fuel combined with serious health hazards and environmental pollution due to
both nuclear power plant and fossil fuels, mankind is again looking towards the sun, the potential
energy source, to get cheap and clean energy.

Energy flux received by the earth in one year is 3 x10>J. It is estimated that in one week, the
planet' receives the equivalent of all of its non-solar energy reserves. To tap energy from this
enormous source, scientists have tried in different ways to meet the energy demand of burgeoning
world population which is going to be double by 2020 as the World Energy Council (WEC) predicts.

Among the various solar energy converters, photovoltaic (PV) cells are the most extensively studied

and a consumer level has nearly been attained technologically. PV cells are well known for their space
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applications, and their terrestrial api)lication is on the way of commercialization. They are already
being used in many stand-alone applications remote from grid, such as, electric power supply to TV
rebroadcast/telecommunication repeater stations [1, 2], electrification of mra] community [3], electric
propulsion in recreational boating [4] and in many everyday use electronic 'gooﬂcis. -'Bﬁt ugé ofﬁ fV fér
utility and grid connected systems are yet to be proved vjable economically and reliable practically.
According to the National Association of Regulatory Utility Commissioners (NARUC) [Sj, the kWh
cost of electricity generation by coal-fired steam system is $0.08, by gas/combined cycle system is

$0.08 and by PV is $0.24. This prohibitive high cost makes use of PV for mass generation of
electricity for common consumer application unrealistic.

Given the environmental impact of conventional electricity generation and an increasing
demand of energy in an ever increasing world population at hand, there is an urgent need to develop
low cost sources for clean and renewable energy. Many scientists all over the world have worked for
years to develop low cost, high efficiency solar cells. Table 1.1 summerizes the best reported results
of some relatively cheap solar cells that are potential candidates for terrestrial application. Though
the reported efﬁciencies of Si, CulnSe, and CdTe based solar cells are quite high (17.2, 16.8 and
15.8 respectively), deposition techniques for Si and CulnSe, are expensive and CdTe is considered
as an environmental hazard. Recently, Gratzel and coworkers developed a dye- sensitized nano-

Table 1.1 : Best reported efficiency of some relatively cheap

solar cells

Material Structure Efficiency (%) Ref.
Si uc-SiC/poly-Si 17.2 [6]
CulnSe, ZnO/Cu(InGa)Se 16.8 [7]

CdS/CulnSe, 8.1 [8]
CdTe  CdS/CdTe 15.8 [9]
CdS °  CdS/Cu,S 10 [10]
TiO,  TiO,/Dye 10 oy
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crystalline (DNC) TiO, photoelectrochemical (PEC) solar cell [11], where a thin film of titanium
dioxide, a high band gap (3.2 eV) oxide semiconductor, is coated with a monolayer of a
charge-transfer dye to sensjlize the film for light harvesting. Monochromatic quantum yields in the
visible region of up to 100% and overall light to electric energy conversion efficiencies of 10% in
simulated solar light (AM 1.5) [12] and 12% in diffused day light [11] have been reported.

The physical principle of Gratzel cell differs from the conventional solid state solar cells in the
sense that. the functions of light absorption and charge carrier transport are seperated in these devices.
In the case of n-type materials, such as TiO,, current is generated when a photon absorbed by a dye
molecule gives rise to electron injection into the conduction band of the semiconductor. It is amazing
that a solar cell_ so easy to prepare and so similar to photographic process can approach the efficiency
of conventional solar cells (10~15%). One of the major advantages of the Gratzel cell is that it uses a
material (TiO,) which is cheap, abundant in nature and environmentally benign. Motivated by the
exciting results of this cell, a great number of research laboratories have engaged in the development

of TiO, based solar cells since then, which is also the main focus of this dissertation.

1.2 TiO2— A material of choice

It was Fujishima and Honda [13, 14] who first recognized the photocatalytic property of TiO,
in 1971 with the observation that water could be split into oxygen and hydrogen on a biased TiO,
single-crystal electrode upon illumination with UV light. This discovery combined with the public
awareness of the need for cheap and clean energy prompted extensive» research on
semiconductor-liquid-junction solar cells (SLIC) using the material TiO, [15 - 20]. Beside SLJC, the
material TiO, soon found its application in many other areas, to name a few, photoelectro-chemical
conversion of solar to chemical energy [21-23], photocatalytic degradation of air/water pollutants [24
- 26], and photochemical methods for organic functional groups transformations and metal recovery

[27-29]. Tt has also numerous industrial applications, such as, as a dielectric material in electronic

circuits, optical coatings, as an additive in toothpaste, as a white pigment, etc.. The high popularity of
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this material is mainly due to its exceptional stability and ease of preparation. It can be prepared from
low to medium purity materials through low-cost processes. It is also non-toxic, environmental
friendly and harmless. However, as far as SLIC is concerned where a high yield is also necessary
along with the stability, it performed poorly in regard to its overall energy conversion efficiency. It
was found that due to the high band gap (3 V) of TiO,, only 3 % of natural sunlight can be absorbed
by it and overall efficiency of SLIC remains less than 1%.

Apart from TiO,, many other oxide-semiconductors (SrTiO3, Fe,0,, Sn0,, ZnO, In,O, and
WO,) as well as non-oxide semiconductors (Si, Ge, CdX,‘ GaP, GaAs, InP) were investigated for
their application in solar energy conversion using water-splitting reaction. However, it was soon
rea.ﬁzed that non of the oxide semiconductors possesses all the required properties for efficient
photo-electrolysis, namely (i) an optimum band gap of 1.5 to 2 €V, (ii) a conduction band edge more
negative than the water reduction potential combined with a valence band edge more positive than the
water oxidation potential, (iii) rapid charge transfer kinetics to the electrolyte, ‘and (iv) extreme
resistance to corrosion of the semiconductor surface [30]. Further, all the non-oxide semiconductors
proved to be highly corrosive in an electrolytic media_.

Therefore, despite its hjgh band gap, TiO, remained as a fnaterial of choice for solar energy
conversion mainly due to its favorable physical and chemical properties for efficient photocatalytic
reactions combined with its exceptional stability in almost all adverse electrolytic media. Huge efforts
were put 1n the past by different groups to make TiO, an efficient solar cell material either by reducing
the band gap by incorporating foreign elemeni:s into its lattice [31,32] or by sensitizing TiO, .by a low
band gap material to exploit the visible region of the solar energy [33, 34]. In either case, limited
success was obtained due to various factors. In 1991, Gratzel and co-workers made a breakthrough in
preparing a PEC cell with an efficiency (10%) which is comparable to the conventidnal solid state
solar cells. The introduction of this new type of ’cell, which is based on nano-crystalline TiO,
deposited on a conducting glass substrate and coated VV.ith a mono-layer of dye, regalvanized the

interest in TiO, with new hope and new prospect.
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1.3 TiO: — Crystalline phases and structure

TiO, exist in three different crystalline polymorphs : rutile, anatase and brookite. Only anatase
and rutile have relevance in various optical and opto-electrical applications with anatase having
superior opto-electrical properties than those of rutile. Anatase form of TiO, is believed to be more
photoactive and is characterized by wider band gap (3.2 vs. 3.0 eV), lower effective electron mass,
higher mobility, shallower donor level, higher luminescence and lower dielectric constant (48 vs.
173), compared to those of rutile.

Both forms possess a rock-salt type tetragonal lattice which contains somewhat distorted
octahedra. The two crystal structures differ by the distortion of each octahedron and by the assembly
pattern of the octahedron chains. Fig. 1.1 shows the unit cell structures of the anatase and rutile

crystals. Each Ti*" jon is surrounded by an octahedron of six 0> ions. The octahedron in rutile has a
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Fig. 1.1 Crystal structure of rutile and anatase TiO,.
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slight orthorombic distortion while that in anatase has a significant distortion with its symmetry lower
than orthorombic. Further, in anatase, each octahedron shares four edges with neighboring octahedra,
whereas in rutile each octahedron shares opposite edges with neighboring octahedra, leading to
formation of octahedra chains. The Ti—Ti bond distances in anatase are greater (3.79 and 3.04

Avs. 3.57and 2.96 A)whereas Ti— O distances are slightly shorter than those in rutile (1.95 and
1.91 A vs. 2.01 and 1.9 A). Though the bond distances are notmuch different, greater distortion in
bond angles results in a somewhat more open structure (higher molar volume, lower density) for
anatase than that for rutile [35].

Both lattices are highly symmetrical with respect to titanium atoms, but not about the
3-coordinate oxygen atoms in OTi, units. Further, there are differing geometries of the Ti
— O(Ti)—Ti units in anatase and rutile which lead to different degree of assymmetry about the oxygen
atoms. This difference in the geometrical structure of OTi, units is supposed to be the main cause for
different physical and chemical properties between anatase and rutile [36]. Some of the basic
structural and optical features of rutile and anatase modifications of TiO, are summarized in Table 1.2.

Small cations and anions can migrate relatively rapidly through channels in the two

lattices, a process that affects the uniformity of doping and the density of recombination centers. The

Table 1.2: Some basic structural and optical features of rutile and anatse TiO:

Rutile Anatase

Unit cell structure Tetragonal Tetragonal
No. of molecules 2 4
per unit cell '
Ti —Ti distance 3.57and 2.96 A ’ 3.79 and 3.04 A
Ti —O distance 2.01and 1.92 A 1.95and 1.91 A
TiO, octahedra slight orthorombic ' symmetry lower

~ distortion than orthorombic
‘OTi, units assymetric highly assymetric
Density 4.25 g/cm3 - 3.894 g/cm?
Band gap, E g - 30eV 3.2¢eV
Dielectric constant 173 48
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channel in rutile lies parallel to the ¢ axis (perpendicular to the 001 face). It has roughly circular
dimensions with an approximate radius of 0.8 A, based on ionic radii of 0.6 A and 1.3 A for Ti and
O, respectively [37]. In contrast, the channels in anatase run perpendicularly to the ¢ axis and to each
other.

Rutile is thermodynamically more stable than anatase at room temperature; the free energy
change for anatase to rutile is -5.4 KJ/mol [38]. Anatase can be converted to rutile at high
temperatures. The rate of conversion does not become significant until temperatures above 500 °C,
and depends on the sample morphology, the nature of any impurities present [39], and the ambient
atmosphere [40] as well as the temperature.

Theoretical calculations of the energy band structure of rutile have been reported by
Goodenough [41], Vos [42], Daude et al. [43], and Munnix and Schmeits [44]. The upper edge of
the valence band arises from O (2p) atomic orbitals which form x-bonding orbitals. The lower part of
the conduction band originates predominantly from Ti (3d) atomic orbitals and contains a t,-like
nonbonding band and an e_-like * band. The detailed calculations of the band structure of anatase‘ are

yet to be carried out.

1.4 DNC solar cell — Problems and prospect

Considering the positive aspects of TiO, on one hand and the high demand for cheap and
renewable energy on the other, a great deal of research effort has been put in the past several years to
reproduce and improve the Gratzel cell. However, though few groups [45] claim to have achieved
high efficiency (9.2%) close to that reported by Gratzel (10%), there is a widespread controversy
about the reproducibility of the Gratzel cell and efficiency obtained by most of the groups is only 6 ~ 7
% [46, 47]. Gratzel cell is also currently being faced with a number of practical challanges. The cell,
though efficient in charge transfer and free from electron-hole recombination loss, suffers a lack of
stability and the dye sensitizer is prone to chemical degradation. Further, the liquid electrolyte is easy

to get evaporated when the cell is imperfectly sealed, and more generally diffusion and reaction of
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water or oxygen molecules may worsen the ceﬂ performance. Also, due to the presence of liquid
electrolyte manufacture of multi-cell module is difficult because the cells must be connected electrically
yet seperated chemically, preferably on a single substrate. These difficulties have made the production
of the cell on a commercial basis improbable despite its low cost (0.07 ~ 0.10 $/kWh) [47] and simple
fabrication technique.

Considering these aspects, several groups concentrated their efforts for the development of a
solid-state prototype of the DNC solar cell. One idea was to substitute the liquid electrolyte with a
p-type semiconductor to scavange the hole from the photo-excited dye. Tennakone et al. [48]
reported the first such solid-state dye-sensitized heterojunction solar cell of structure TiO,/dye/Cul,
where Cul is a high band gap (>2.8 eV) p-type transparent semiconductor. A short-circuit current of
2.5 mA/em®, open-circuit voltage of about 375 mV, and an over all efficiency of about 0.8% were
obtained with such a cell. Regan et al [49] reported similar solid-state prototype,
TiO,/dye/p-CuSCN, where they made use of p-CuSCN to substitute the electrolyte. Though a
reasonable good open-circuit voltage (~500 mV) was obtained, photocurrent was only in the
micro-ampere range. Cao et al. [50] reported a quasi-solid-state cell where they used ionic conducting
polymer, prepared by gelation using polyacrylonitrile, instead of the liquid electrolyte. However, low
quantum yicld was. observed and was explained as due to incomplete wetting of the nano-structured
porous THO, film by the polymer electrolyte. More recently, Bach et al. [51] introduced an
amorphous conducting material, which is actually an organic hole transport material (HTM) where
positive charge hope from one molecule to another, to replace the liquid electrolyte. One major
advantage of this material is that since the material is in amorphous state, it would make better contact
at the interface with the dye-coated TiO, than would a crystalline state, ensuring efficient hole
transport from the oxydized dye to the HTM. Thougﬁ the cell performance is poor and the eficiency is
low (0.70%), the new material does show the prospect for cheap, large area solid-state dye sensitized
solar cell.

Another idea towards solid-state prototype of DNC cell is to replace the dye with a polymer
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or a p-type semiconductor which will result in an all solid-state nano-crystalline TiO, solar cell.
Kajihara et al. [52] reported a photovoltaic cell of structure ITO/TiO,/polythiophene (PT)/Au. The
superiority of PT over organic dye is that it is mechanically tough and its electrical properties are
negligibly affected by air. However, the efficiency obtained with this structure was quite low
(0.008%) and is attributed to the poor contact between the nano-crystallites and PT, specially in the
interior of the film. In order to obtain intimate contact between the néno-crysta.ls and the polymer, a
conjugate polymer-semiconductor nanocrystal device (Al/polymer-nanocrystal composite/
SnO,:F-glass) was fabricated by Salafsky et al. [53]. Again, only limited success has been obtained
with this structure. An all solid-state p-n heterojunction solar cell of structure SnO,/TiO,/a-Si:Hi/Pt
with an efficiency of around 1% has been reported by Konenkanp et al. [54]. Poor contact at the
interface and coverage of only a small fraction of the total internal surface area of the film by a-Si led
to low yield of such a cell. Deposition of quantum dots of PbS on nano-crystalline TiO, was
perceived as a possible way of obtaining intimate contact to the internal surface of TiO,. However
much remains to develop the system before any reasonably good efficiency can be achieved from this
structure.

The main problem in all sorts of solid-state TiO, solar cell structures addressed so far lies in
having a good contact with the nano-crystallites of TiO,. Therefore, for solid-state solar cell
application, one may consider the use of a TiO, film with a flat surface which will result in a better
contact though at the expense of a huge decrease in effective surface area. However, a semiconductor
with high absorption coefficient must be chosen as the main absorber material in this case to get an
efficient n-p heterojunction solar cell structure. The high effective surface area of TiO, film, which is
necessary for a DNC cell to ensure maximum possible solar energy absorption, will not be required
any more once the absorber layer has a high absorption coefficient and enough thickness. Such a cell
structure, namely, n-TiO,/p-CulnSe,, is proposed and its modification for better performance is
described in chapter 4 of this dissertation. CulnSe, is chosen as an absorber material because of its

low band gap and extremely high absorption coefficient.
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1.5 Purpose and organization of this dissertation

With the depleting energy resources and increased environmental pollution due to fossil fuel,
the ever increasing demand for cheap and clean energy can be met by the development of efficient and
cost-effective solar cells. The purpose of this dissertation is aimed at developing low cost solar cells
based on an environmentally benign oxide semiconductor such as TiO,, which is cheap, easy to
prepare, non-toxic and abundant in nature.

In contrast to the rutile modification of TiO, which is well studied, the anatase modification,
which has gained the central focus only recently after the Gratzel cell and is considered as a potential
material for photovoltaics, is still under investigation for its various optical and electrical properties.
Therefore, before experimenting with solar cell, we have explored various structural, optical and
electrical properties of nano-crystalline TiO, thin films deposited by a sol-gel method which are
described in the following chapter (chapter 2). Among various existing methods, we have employed
sol-gel dip-coating method to prepare the nano-cryatalline films and the effect of annealing
temperature on cfysf;iﬁs‘tmcture, crystallinity and growth of various phases, and other film properties
are studied in detail.

Dye-sensitized solar cell based on nano-crystalline TiO, has attracted much attention due to its
low cost and simple fabrication technique. However, much remains to understand fully the device
mechanism and various problems associated with its fabrication in order to reproduce the 10%
efficient Gratzel's cell. In chapter 3, we will give a brief introduction of this new type of cell, its
preparation and operating principles, and will report the results of our preliminary investigation on
DNC cells with the TiO, films being prepared by spreading the colloidal TiO, paste using a glass rod
and by sol-gel dip-coating method. Slight addition of triton-X to the TiO, paste, which is usually
added to assist the spreading of the sol on the substrate, has been found to havé a profound effect on
cell performance. Details of the effect of friton-X addition on the surface morphology of TiO, film and
cell performance will be described in this chapter. In the sol-gel dip-coating method, effect of pulling

speed on cell performance is studied.
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As has already been described in section 1.4, the DNC cell, developed by Gratzel and his
group, though very attractive due to its low cost and simple fabrication technique, suffers a lack of
stability due to organo-metallic dye and liquid electrolyte. Therefore, it is worthwhile to look into the
possibility of developing a solid-state solar cell using the low cost thin film of TiO, as the window
material and any other suitable semiconductor as the base material. Among various semiconductors,
CulnSe, is known to be a good material for photovoltaic devices. It has a low band gap (1.04 eV),
high absérption coefficient and stable opto-electrical characteristics. In chapter 4, first, a model for
our proposed n-TiO,/p-CulnSe, heterojunction solar cell has been developed and its efficiency has
been calculated in order to find out its feasibility as a photovoltaic energy converter. Our model is
developed using the established theories of current conduction mechanism in Schottky barrier
diodes with a varying barrier height as the junction voltage of the cell varies.

Despite the potential prospect of TiO, in making low cost heterojunction solar cell in
conjunction with CulnSe,, a close look at the band diagram of TiO,/CulnSe, heterojunction reveals
the fact that TiO, is not a good match for CulnSe,. Because of the mismatch between electron
affinities of TiO, (4 eV) and CulnSe, (4.48 €V), there exists a high spike at the conduction band
edges of TiOZ/CuInSe; heterojunction which will hinder the flow of photo-generated electrons from
CulnSe, to TiO, and will keep the cell efficiency to a low value. A theoretical efficiency of about
1.51% has been calculated under ideal conditions, i.e., neglecting recombination losses and the
effects of series and shunt resistances.

Therefore, to reduce this high barrier, a new solar cell material Pb,Ti, , O, is proposed as a
window material of the cell instead of TiO,, and a theoretical study of the performance of such a cell is
also made and is discussed in chapter 4. Theoretical work of Krishna et al.[55] reveals the possibility
of reducing the band gap of TiO, by doping it with Pb, hence the material Pb Ti, O,. In our
calculation, it is assumed that the electron affinities of the two semiconductors are perfectly matched
and that the band gap of Pb,Ti, O, is 2.58 eV. The assumption of these values closely matches with

the theoretical calculations when PbO, and TiO, are mixed at a ratio of 1:3 [55]. An efficiency of as
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high as 18.78% has been calculated theoretically for this cell with the configuration
n-Pb,Ti, , O,/p-CulnSe,, assuming perfec.t matching of the conduction band edges.

In chapter 5, we have reported the results of our preliminary attempt to produce Pb,Ti, O,
material in thin film form by a simple sol-gel method in order to obtain a reduction in the band gap and
an increase in the electron affinity of TiO,. A gradual decrease in the band gap has been observed as
the content of Pb is increased into the TiO, lattice. Various structural, optical, compositional and
chemical analyses of the films are carried out using standard analytical techniques and are discussed in
detail in this chapter.

Finally, in chapter 6, a summary and few remarks on the future scope of this work are given.
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Chapter 2

TiO: thin films by sol-gel dip-coating:
structural and optical properties

2.1 Introduction
Titanium dioxide (TiO,), perhaps the most widely studied large band gap semiconductor, haS

diverse industrial applications [1-5] because of its favorable physical, optical and electronic
properties. Since the first demonstration of ’I‘iO2 as a semicondﬁctor photoanode by Fujishima and
Honda in 1972 V[6], extensive research has been carried out to use this material as a photoelectrode in
photoelectrochemical (PEC) solar cells. The key factors whicﬁ contributed to the popularity of this
material are its exceptional stability in electrolytic media and eese of preparation [7]. However, its
wide band‘gap (3 eV) set alow ceiling to the maxﬁnurn possible solar to electrical f)ower conversion
efficiency of this material [8]. In 1991, Gratzel and co-§vorkers repoﬁed a breakthrough in the
development high efficiency (10;12%) dye-sensitized PEC solar cell by Iﬁaldng use of nano-
crystalline porous thin film of TiO, [9]. With fhis discovery, again, much attention has been diverted
towarde this classical maferial

leferent methods for the preparatlon of nano- crystalhne TiO, thin film preparation, such as,
sol gel [10] spray pyr01051s [11}, chemlcal vapor deposmon (CVD) [12] pulsed laser 1rrad1at10n[13]
are reported in the 11terature However, the most popular and matured techniques for semi- conductor
nano-particles preparation are those based on solution synthesis route and co]lmdal chemlcal

approaches rather than those on sophisticated and expensive gas phase techniques [14], though in
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some cases higher growth rate with better surface morphology and homogeneity is claimed for the
latter methods [15]. We have prepared nano-crystalline TiO, thin films by sol-gel dip-coating method,
the advantage of which lies in its simplicity and low-cost. In this process, a metal-alkoxide, M(OR)_,
where M is a metal and R is an alkyl group, is hydrolyzed and polymerized by addition of water kand
heating the solution at a constant temperature for some hours. To get a thin film, the solution
obtained, which is called as soi solution, can be spreaded over a suitable substrate by a variety of
methods that includes dip-coating, spin coating or spraying. The films thus deposited are first dried at
a lower temperature (< 300 °C) to remove the water and organic solvents and then annealed at a
relatively higher temperature (> 400 °C) for densification and crystallization [16]. This results in a
thin film of nano-crystalline oxide semiconductor particles with sponge-like structﬁre and a porosity
of as high as 50 %. Depénding upon the annealing temperature and also the substrate topography,
films can be amorphous or crystalline (anatase or rutile).

Rutile modification of TiO, is the most stable phase and its structural, optical and
opto-¢electrical properties are well studied [17-19]. However, after the Gratzel PEC solar cell, anatase
modification of TiO, came into focus because of its high photon to current conversion efficiency [9].
Therefore, in the following sections of this chapter where detailed structural, optical and electrical
analyses of our sol-gel derived TiO, thin films are given, main emphasis is put on the anatase
modification. Thin films of TiO, are deposited on different substrates (single crystal silicon, sapphire
and fused quartz) under different annealing temperatures, and the effects of both the substrates and
ahnealing temperature on crystal structure, crystallinity and growth of various phases are studied. A
detailed optical characterization of the films are done using spectrocopic ellipsometry (SE), UV-visible
transmittance and reflectance spectros'copy and photolurhinescence (PL) spectroscopy. Effect of H,
annealing on both the dark and photo-conductivity are also studied and the details are discussed in the

following sections.
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2.2 Experimental
2.2.1 Thin film preparation

TiO, thin films are prepared by sol-gel dip-coating method using titanium tetra-isopropoxide,

Ti[(CH,),CHO],, as the source materials for Ti. 25 ml of titanium tetra-isopropoxide was mixed with

TIOCHy), [:iciicic
25 ml S

Slow dropping in H20 (500ml) at 0 °C Adding 1.06 ml of
~ 70% HNO
. soluti
Heating at 80 °C for 8 h ag. solution

(hydrolysis and polycondensation)

Concentrating to around 100 ml

Bluish TiO2 sol solution

Coating on Si, Sapphire, and Quartz
substrates by dip coating
(Pulling Speed : 0.1 mm/s) Multiple
. l coating
Drying at 80 °C for 15 min

Heat-treatment at 400°C for 30 min

Annealing at 400 ~ 800°C, 6 h

¥

(TiOz thin film)

Fig. 2.1 Flow chart diagram for preparation of TiO- thin film
by sol-gel dip-coating method
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50 ml of ethanol in a dry N, atmosphere. The solution was then added dropwise to 500 ml of distilled
water at 0 °C under stirring to carry out hydrolysis. 1.06 ml of 70 % HNO, aq. solution was added
to this solution after which the solution was subjected to heating at 80 °C for 24 h such that the final
volume will be 100 ml. Films were coated on fused quartz, single crystal Si (100), sapphire and ITO
coated glass substrates by dip cdating method with a pulling speed of 0.1 mm/sec. Films were dried at
80 °C for 15 min and heaf-treated at 400 °C for 1 hour after each coating. The process was repeated 5
times and finally the films were annealed at 400, 600 and 800 °C, respectively, for 6 hours, at a
constant heating rate of 5 °C /min. The details of the sol solution preparation and the thin film

deposition are elucidated in the flow chart diagram of Fig. 2.1.

2.2.2 Characterization

Crystal structure, growth and crystallinity of various phases of these films were studied by
X-ray diffraction (Rigaku Rint-1100) using CuKa radiation (1.5406 &) as an X-ray source and at a
scanning rate of 1° min™. Thickness measurement and surface morphology study of the films were
done by a scanning electron microscope (Hitachi S-5000).

Optical properties of the films have been studied using spectroscopic ellipsometry,
UV-visible spectroscopy and photoluminescence spectroscopy. The measurements of spectroscopic
ellipsometry have been carried out at an angle of incidence of 70° in the wavelength range of 260~830
nm. The opﬁcal properties of thin films were fitted directly to measured spectroscopic ellipsometry
(A, ¥) data using classical dispersion formula. PL measurements were carried out at room and
liquid nitrogen temperature using 325 nm He-Cd laser source.

Conductivity study has been carried out for the films deposited on both ITO coated glass and
fused quartz substrates. Silver paste has been used to make ohmic contacts on both TiO, and ITO
surface. Films are annealed in H, atmosphere under different temperature conditions and both dark

and photo-conductivity have been investigated by using a solar simulator at 1 sun AMO conditions.
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2.3 Results and discussion

2.3.1 Structural
2.3.1.1 X-ray diffraction

XRD patterns of TiO, thin films, deposited on quartz, sapphire and silicon substrates, both
as-deposited and annealed (800 °C, 6 h), are shown in Figv. 2.2. The films deposited on different
substrates, under same conditions show different structural properties. The as - deposited films on
sapphire and silicon substrates are polycrystalline, single phase, anatase (A) type, while that on quartz
substrate are amorphous, may be due to the amorphous nature of the quartz substrate which inhibits
crystallization process. After annealing the samples at 800 °C for 6 h, the films on quartz and sapphire
substrates are transformed completely into rutile (R) phase whlle that on the Si substrate is hlghly
anatase type wnh simultaneous presence of small rutile phase (Fig. 2.2, patterns a', b' and c') ThlS is
explained in the following way. The crystal structure of Si, which is cubic, retards the trans’formatlon
of anatase phase to rutile. af higher temperature while that of sapphire, which is svéme as thaf of rutile
phase of TiO, (tetragonal), favors the formation of rutile phase at high température. However quartz
substrate, due to its amorphous nature, probably does not have any effect on anatase or rutile phase
formation. Films aré rutile on quartz at 800 °C with poor crystallinity, evidenced by the weak X-ray
peak intensities (Fig. 2.2, pattern a'), may be due to the amorphous nature of the substrate.

The results from XRD patterns of all the samples, deposited on three different substrates
under different deposition 'conditions,“are summerized in Table 2.1. Table 2.1 re‘veals the films are
polycrystalline, anatase type until 600 °C annealing temperature for all the substrates, above which
(800 °C) films are rutile or a mixture of A/R, depending on substrate topography. Our observation is
in agreement with that reported by Yuan et al. [20], where they reported that sol-gel derived TiO, thin
films are anatase type until 600 °C annealing temperature and a mixtﬁre of A/R in the temperature

range 600-900 °C.
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Fig. 2.2 XRD patterns of as-deposited and annealed (800 °C, 6 h) TiO, thin films, deposited on
quartz (a, a'), sapphire (b, b') and silicon (c, c') substrates, by sol-gel process.
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TABLE 2.1 : Summary of XRD results

Annealing~Substrate|  Quartz Sapphire Silicon
Condition
As-deposited amorphous A A
400°C, 6 h A/amorphous A A
600 °C, 6 h A A A
800 °C, 6 h R R A(90.7%)/R(9.3%)

(A: Anatase; R: Rutile)

0.5

0.4

FWHM (degrees)

0.3

0.2

g

—= Silicon Substrate
—©— Sapphire Substrate

As-deposited

400

Annealing Temperature (°C)

600

800

Fig. 2.3 A plot of FWHM of the 100 % X-ray peak corresponding to A(101)/R(110) plane of the
as-deposited and different temperature annealed TiO2 thinfilms, deposited on silicon

and sapphire substrates, respectively.

Full width at half maximum (FWHM) of the X-ray peak intensity (Fig.2.3), corresponding to

100% A(101)/R(110) plane of TiO, films, has been found to decrease with increase in annealing

temperature for all the substrates, with that for sapphire substrate being smallest for all deposition

conditions, indicating better crystallinity of the films on sapphire substrate compared to others.
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2.3.1.2 Scanning electron microscopy

Figure 2.4 shows the SEM surface morphology of TiO, thin films deposited on Si substrate,
annealed at different temperatures. These micrographs reveal nano-crystalline nano-porous structure
of the films with crystal size varying from 8-10 nm to 50-150 nm range depending upon annealing
temperature. The increase in particle size with increase in annealing temperature is in consistent with
XRD results where we observed decrease in FWHM with annealing temperature. While at low
annealing temperature, the particles are essentially of uniform sﬁe, at high annealing - temperature
evolution of particles of different size and shape with clear crystal facets can be observed. This may
be due to the fact that at high temperature transformation of anatase phase to rutile takes place, as
observed by the XRD pattern (Fig. 2.2, pattern ¢') which shows the presence of rutile phase as well

along with that of anatase, and results in crystallites of non-uniform size and shape.

2.3.2 Optical

2.3.2.1 Spectroscopic ellipsometry
(i) Theoretical considerations

The measurements of spectroscopic ellipsometfy have been carried out for the samples
deposited on Si substrates at an angle of incidence of 70 O, in the wavelength range of 260~830 nm.
Hereafter the as-deposited and annealed (400, 600 and 800 °C) samples wiﬂ be referred to as samples
1 through 4, respectively. The optical constants of thin ﬁﬁns Were calculated assuming a structure of

TiO,/Si for the low temperafure annealed samples (samples 1, 2 and 3) and TiO,/SiO,/Si for ‘the high

temperature annealed sample (sample 4). Data used for Si were taken from literature [21]. Classical

dispersion formula was used for the analySis. Surface roughnéss, which is usually considered for
ellipsometrié determination of optical constants of oxide thin films by assuming a seperate thin layer
on the surface [22-24], is not considered for the analyses of our films. Since our sol-gel derived TiO,

thin films are porous and the pores are present not only on the surface but are distributed unifbﬁnly
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Fig. 2.4 SEM surface morphology of TiO, thin films deposited on Si substrate and annealed at

different temperatures.
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along the thickness of the films, the structure of the films can be considered to be consisting of one
single layer. For disconfinubus films, as is éurs, the optical constants of the films are usually
determined from the known bulk data and void fraction, using an effective medium theory [25].
However, there are practical difficulties associated with various effective rhedjum models such as
knowing the exact optical constants of the bulk material, knowledge of the size and shape of the
grains etc., and these are well described in Ref. 26. Therefore, these models are not used for the
calculation of optical constants of our films. Instead, only the pseudo (effective) optical constants of
the films resulting in the best fit between the experimental and calculated data are determined. The
films are also considered to be homogeneous with no grading in the density. These assumptions are
justified as good fit is obtained between the experimental and calculated data, as discussed in the

following sections.

(ii) Fitting analysis

The spectroscopic ellipsometry measurements are carried out for all four samples that are
deposited on Si substrate and annealed at different cbnditions. In order to obtain the thickness and
optical constants of TiO, films simultaneously, the optical properties of TiO, were fitted by using the

following classical dispersion formula

where &, represents the high-frequency dielectric constant, &, the static dielectric constant, w, the
frequency and I, the damping factor of the oscillator, w, the frequency correlated to the plasma term,

and I';, the connected damping factor. Simulated and experimental data were analyzed by a Levenberg

-Marquardt minimization routine [27] based on comparison of the data with the mode for the structure

using the error function d:

1

6 =
2N-M

. ‘
D [(tan ¥ - tan W)+ (cos A — cos 4 )]
where N is the number of measured W and A pairs and M is the total number of real valued fit
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parameters.

For samples 1-3, one layér model (TiO,/Si) was used to fit the calculated data with the
measured data. No interfacial layer that might develop between the TiO, thin film and Si substrate was
assumed for the fitting. However, for sample 4, which was annealed at higher temperature (800 °C),
an interfacial layer of SiO, has been considered to obtain a satisfactory fit. Cross-sectional view by

SEM micrographs for samples 1 to 3 show no detectable interfacial layer and a typical micrograph of

300 nm

Fig. 2.5 Cross-sectional scanning electron micrographs of nano-crystalline TiO, thin films, deposited
on Si substrate: (a) sample 3, (b) sample 4.

sample 3 is shown in Fig. 2.5a. However, coincidently sample 4 (Fig. 2.5b) does show an interfacial
layer almost as thick as the TiO, film and agree with our theoretical assumption of this layer used to
get a good fit. The interfacial SiO,layer would have formed during the high temperature annealing in
normal atmosphere. The fitting results of measured A and W spectra are shown in Fig. 2.6 (a-d). The
graphs show an excellent fit for all the samples, in the wavelength range 350-830 nm. The deviation

of the fit from the experimental data above 3.5 €V may be due to the interband transitions.

The thickness and coefficients of different measurements and fittings are listed in Table 2.2.
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Fig. 2.6 A and W, measured (dotted lines) and fitted (solid lines), spectra of nano-crystalline TiO,

thin films, deposited on Si substrate: graphs (a) to (d) represent samples 1 to 4.

The thickness and coefficients of different measurements and fittings are listed in Table 2.2.

Gradual decrease in the thickness with increasing anhealing temperature is observed, may be due to

increased packing density of the films as also evidenced by SEM cross-sectional micrographs  (Fig.

2.5) which show the 800 °C temperature annealed sample to be more densely packed with less voids

than the 600 °C temperature annealed sample. Furthermore, similar conclusions were also derived by
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Fig. 2.7. Plot of thickness vs. annealing temperature for nano-crystalline TiO, thin films,
deposited on Si Substrates, annealed at different temperatures.

Vorotilov et al. [28] for sol-gel derived TiO, thin films. Figure 2.7 shows the pictorial representation
of gradual decrease in film thickness with increasing annealing temperature. Film thicknesses obtained
for both TiO, and SiO, layers by spectroscopic ellipsometry are in good agreement with SEM
cross-sectional thickness measurements. |

The high-frequency dielectric constant, £, is in the range of 2.51-3.44 and increases with
increasing annealing temperature. The values of w, found are between 0.41 and 0.70 e¢V. The
plasma frequency w, represents the oscillation of free electrons in the conduction band of TiO,. To
our kr;owledge, these are the first reported results on the value of w, for nano-crystalline TiO, thin
film, and we compare our results with those obtained for indium tin oxide (ITO) films (between 0.68
and 0.96 €V) by Gerﬁn et al. [23] to explain in the following way. Values of @, obtained for our TiO,
films are less than those obtained for ITO films by Gerfin et al.. Since ITO is a conductive oxide with
high concentration of conduction electrons and TiO, is a semiconductor with high resistivity, smaller

value of w,, i.e., smaller carrier concentration for TiO, is in accordance with what is expected.
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The plasma frequency w, is related to the electron carrier concentration by [29],

ne’

w_ = *
EmM

o

where n is the electron carrier concentration, e is the electronic charge, £, is the permittivity of free
space and mis effective electron mass. We presume that our as-deposited TiO, films are n-type with

carrier concentration originating from non-stoichiometry or oxygen vacancies which can be described

Table 2.2. Film thicknesses, coefficients of the classical dispersion formula and the error function
for the four samples, obtained by fitting SE data measured at an incidence angle of 70°.

Samole N Thickness of | Thickness of o . w, T, w, | S
ample No. ) . " s
P TiO,(nm) SiO,(nm) V) (2% V) V) d
1 155.2 0 2.51 3.51 434 0.15 0.41 2.73 0.05
2 152.6 0 2.66 3.48 4.26 0.10 0.43 2.13 0.04
3 136.2 0 3.18 4.0 3.96 0.14 0.63 1.13 0.123
4 112.5 1429 3.44 522 4.22 0.20 0.70 0.42 0.284

as Ti" — V,—Ti"" according to Goodenough [18]. Presence of Ti** species in our sol-gel derived TiO,
thin films is confirmed by X-ray photoelectron spectroscopy (XPS) measurement. As also can be
seen from table 2.2 that damping factor T'j,, related with the plasma oscillation, decreases gradually
from sample 1 to sample 3 and for sample 4 it decreases to a very low value. We believe that since
fitting analysis for sample 4 involves more parameters because of the presence of extra SiO, layer, the
value obtained for I';, is much deviated from its true value and should be regarded as a mathematical
entity only.

The computed refractive index () and extinction coefficient (k) spectra of the films together are
shown in Fig. 2.8. There is a gradual increase in the refractive index as the as-deposited samples are

annealed at higher temperatures (up to 600 °C) and at a much more elevated temperature (800 °C), a
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Fig. 2.8 Refractive index n (top) and extinction coefficient k (bottom) spectra of nano-crystalline
TiO, thin films, deposited on Si substrates. The dashed line shows the refractive index

spectrum of electron beam evaporated TiO, films on fused quartz, by Kim [25].
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sharp increase in the refractive index is observed (Fig. 2.8, top). This increase in refractive index with
annealing temperature is attributed to the increase in packing density and crystallinity of the films
which are also evident from the XRD patterns (Fig. 2.2) and SEM micrographs (Fig. 2.5).

Furthermore, sharp increase in n above 600 °C may be due to the enhanced crystallinity of the
TiO, films, evidenced by the intense sharp X-ray peak at this elevated temperature (XRD pattern ¢',
Fig. 2.2) as compared to those annealed at lower temperatures. These results are in very good
agreement with those by Suhail et al. [30], for magnetron sputterred TiO, thin films, where they
reported similar increase in the refractive index with increasing annealing temperature and a sharp
increase above 600 °C. Our as-deposited sample (sample 1) shows a refractive index of 1.97 at 500
nm which has increased to 2.44 for the sample annealed at 800 °C (sample 4). These values are in
close agreement with those reported by others[26, 27, 31].

For direct comparison purpose, refractive index specirum of electron beam evaporated TiO,
thin films, deposited on fused quartz substrate, by Kim [22], is shown by the dashed line in Fig. 2.8
along with the refractive index spectra of our films. This spectrum closely matches with the spectrum
of the high temperature annealed sample (sample 4). The as-deposited (sample 1) and low temperature
annealed (samples 2 and 3) samples have a lower value of n than that for electron beam evaporated
TiO, thin film. We believe that this is due to the low film density and high percentage of void of these
films which are common characteristics for sol-gel derived films. However, there is a gradual increase
in film packing density, consequently an increase in the refractive index, as the films are annealed at
higher temperatures.

The extinction coefficient (k) spectra of our films (Fig. 2.8, bottom) resemble that reported
by Memarzadeh er al.[26] for magnetron sputtered TiO, thin films on glass substrate. Measurement of
k_, where absorption is very small, is not very accurate with spectroscopic ellipsometry. However,
within the accuracy limit, the & spectra do not show any significant absorption in the wavelength
region lower than the band gap energy of anatase form of TiO, (3.2 eV). Strong absorption above the

band gap energy together with the sharp peaks in the n spectra show good crystallinity of the films.
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The onset of the increase in the k values at around 380 nm is due to the indirect transition followed by

a mixture of direct and indirect transitions at lower wavelength, i.e., higher energy region.

2.3.2.2 UV-visible spectroscopy

Figure 2.9 shows the transmittance (top) and reflectance (bottom) spectra of both
as-deposited and annealed TiO, thin films, deposited on quartz substrate. All the transmittance spectra
show a sharp decrease in the tranmittance at around 390-410 nm (3.18-3.02 e\/) of light wavelength,
matching with the band edge of anatase (3.2 eV) and rutile (3.05 €V) phase of TiO,. Reflectance
spectra (Fig. 2.9, bottom) show an increase in reflectance while the transmittance spectra show a
decrease in transmittance with increasing annealing temperature. This decrease in transmittance is
partly due to higher reflectance and partly due to higher absorption at higher annealing temperature, as
is observed with our SE results which shows increase in both n and k with annealing temperature.

To have an estimate of the optical energy gap, absorption coefficient (o) of the films, near the

absorption edge, were calculated from the transmittance (T) and reflectance (R) data using the

simplified relation T=(1 —R)e_ad, where d is the thickness of the films. The intercept of the tangent to
the (ahv)” vs. hv plot, where hv is the photon energy, will give an estimate of the optical gap
energy of of a polycrystalline material. Plots of both (ahv)*? vs. hv are drawn for the annealed
films and are shown in Fig. 2.10. Optical gap energies obtained for amorphous TiO, (3.25 €V) is
slightly higher than that of crystalline TiO, of anatase modification (3.15 eV) and are in close
agreement with those reported in the literature [32]. However, for rutile modification of TiO,, which
is known to have an optical gap of around 3 €V [32], no linear relationship has been obtained in the
(ozhv)u2 vs. hv plot for our sample. This rﬁay be due to formation of some defect sites causing
subband gap absorption and/or scattering (coherent) of light by relatively larger particles of this

sample as can be seen from the SEM micrographs of Fig. 2.4.
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Fig. 2.9 Transmittance (top) and reflectance (bottom) spectra of TiO, thin films deposited on
fused quartz substrate, annealed at different temperatures.
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Fig. 2.10 Plots of (ahv)"? vs. hv of TiO, thin films deposited on fused quartz substrate under
different temperature conditions for the determination of optical energy gap.

2.3.2.3 Photoluminescence spectroscopy

Photoluminescence spectra of the films were recorded at different measurement temperatures
using a 325 nm He-Cd laser source. An intense yellowish green photoluminescence is observed in the
visible region with wide spectral width which is found to increase in intensity for higher temperature
annealed samples. Figure 2.13 shows the room temperature (RT) PL spectrum of pure anatase TiO,
thin film deposited on Si substrate at 600 °C. This spectrum resembles the luminescence spectrum of
both single and polycrystalline TiO, reported by others [33,34]. The large difference between the band
gap energy (~3.15 €V) and the emission peak energsr (2.48 €V), which is around 0.67 €V, is described
as the Stokes shift due to the Frank-Condon effect. The small peak at 3.06 ¢V, which is closer to the

TiO, band gap energy, may be due to the near band gap emission. In the inset of Fig. 2.13 are shown
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Fig. 2.11 Room temperature PL spectra of pure TiO, thin film, deposited on Si substrate, at 600 °C,
by sol-gel process. Inset shows PL spectra of the same sample, measured at different temperatures.

the PL spectra of the same film measured at 4.2 K, 77 K and RT. As can be seen from this figure, at

very low temperature (4.2 K), the spectrum is relatively sharp and smooth, while at higher

temperatures the band becomes broad and the band peak shifts towards higher energies. The peak

energies measured at 4.2 K, 77 K and RT are 2.41 eV, 2.43 ¢V and 2.46 €V, respectively, and the

total shift is 0.05 eV.

2.3.3 Electrical

2.3.3.1 Conductivity study and effect of H, annealing

TiO, is a wide band gap semiconductor with very low conductivity. However, nano-pored

nanocrystalline TiO, films are expected to have much higher resistivity because of large number of -
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trap sites and potential barriers at the grain boundaries. For conductivity measurement, films were
deposited on both ITO coated glass and fused quartz substrates, and annealed at 600 °C for 1h which
yields crystalline anatse TiO,. Ohmic contact on the TiO, film was madé with silver paste. I —V
characteristics measured showed perfect ohmic nature of the silver contact with TiO, film.
Conductivity study shows that conductivity across the film and along the film surface are around 10°
and 10° (Q -cm)”, respectively. This directional dependence of conductivity can be understood from
the fact that the nano-crystallites are more densely packed along the thickness of the film than they are
along the plane of the film surface, as observed from the SEM cross-sectional (Fig. 2.5) and surface
(Fig. 2.4) micrographs, which results in higher conductance along the thickness. One may anticipate
that while measuring the conductivity across the film, silver particles from the electrode may penetrate
into the pore of nano-crystalline TiO, and falsely show the increase in conductivity. In order to find
out if there is any such effect, conductivity across the film was measured for two film thicknesses
(one with 5 times coated and the other with 10 times cpated) and almost same result was obtained for
both the films which shows that this effect is negligible since in that case the thinner film would have
shown higher conductivity than the thicker one.

Conductivity of TiO, can be increased by reducing it in vacuum, or in H, or CO/CO,
atmosphere, which create donor levels near the conduction band [35]. The reduction is characterized

by the loss of stoichiometry, i. e., TiO, in other words, formation of oxygen vacancy

described as Ti* " —V,—Ti’ " [18], which can donate one or two electrons to the conduction band.
Previous study revealed higher rate of TiO, reduction in H, atmosphere which has been explained by
the rapid migration of atomic hydrogen into the bulk, and rapid diffusion of OH to the surface [36]. In
effect oxygen vacancies diffuse rapidly into the bulk. We have studied the effect of reduction of TiO,
films, by heat-treating in H, atmosphere, deposited on both the ITO coated glass and fused quartz
substrates. The color of the films deposited on ITO coated glass substrate when annealed in H,

atmosphere gradually changes from white to gray to dark brown with annealing time and the

conductivity of the films increases greatly. However, the films deposited on quartz substrate remain
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transparent with a slight increase in conductivity even after 1h of H, annealing. It is believed that for
the films deposited on quartz substrate, some oxygen out diffusion from the substrate is taking place
compensating the oxygen lost during H, annealing. Also, the effect of H, annealing on the
photoconductivity has been studied and is shown in Fig. 2.12.

Upon irradiation with a solar simulator under 1 sun AMO conditions, the as deposited films

reveal photoconductivity in the range of 4-5 order of magnitude. Both the dark and photo-conductivity
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Fig. 2.12 Dark (A) and Photoconductivity (O) of as deposited and H, annealed TiO, thin films,
deposited on fused quartz substrate.

increases upto 700 °C annealing temperature and thereafter the photo-conductivity decreases rapidly
with a simultaneous decrease in dark conductivity. The increased conductivity at elevated temperature
(upto 700 °C) is attributed in part to the improved crystallinity, as observed by the X-ray diffraction
patterns of the films (Fig. 2.13), and in part- to the faster reduction rate at higher temperature.
However, increase in annealing temperature above 700 °C, which is a transition temperature of

anatase phase to rutile, degrades the crystallinity as can be seen by the broadening in the X-ray peak

- 300 —
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Fig. 2.13 X-ray diffraction patterns of as deposited and H, annealed TiO, thin films deposited on
fused quartz substrate. (A: anatase)

(Fig. 2.13), and thus causes both the dark and photo-conductivity to decrease.

2.4 Conclusions

TiO, thin films have been deposited on single crystal silicon, sapphire and fused quartz
substrates by sol- gel dip - coating method and annealed at different temperatures. Films deposited
under same condition on different substrates show different structural properties. The as-deposited
films on sapphire and silicon substrates are polycrystalline, anatase type, while that on the quartz
substrate is amorphous in nature. Up to 600 °C annealing temperature, films are polycrystalline,

single phase, anatase type for all the substrates, above which (800 °C) films are rutile (on quartz and

—-301 —
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sapphire substrates) or a mixture of A/R (on Si substrate), depending upon substrate topography.
Surface morphology by SEM reveals nanocrystalline porous structure of the films.

Spectroscopic ellipsometry results show increase in both n and k with increasing annealing
temperature, may be due to the increase in crystallinity and phase transformation, as also observed by
XRD patterns, and are in consistent with UV-visible spectroscopic measurements. Optical energy
gaps estimated from UV—visible transmission and reflectance measurement are 3.25 and 3.15 eV for
amorphous and anatase TiO,, respectively. Conductivity study shows the nano-crystalline films to be
highly resistive, in the range of 10°~10° Q -cm. Fufther, conductivity across the film has been found
to be almost 3 order of magnitude higher than that along the surface of the film. Pure anatase films
revealed good photoconductivity, of the order of 4 — 5, and both the dark and photo-conductivity

increased upon annealing in H, atmosphere up to 700 °C annealing temperature.
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「太陽エネルギー変換用酸化チタン半導体の研究」C朋PlER　1．　Gεηε7α〃寵704麗α’oηChapter　lGeneral　Introduction1．1Background　　　　　　Energy　is　the　source　of　hfb　and　ffom　tilne　i血nemorial　sun　has　been　the　source　of　energy．　Inthe　flow　of　wind，　in　the　cascade　of　waves　in　the　sea，　ill　the　movement　of　a　1赫ng　being　and　in　thegrowing　up　6f　a　child，　energy　is　man逓ested　in　difEerent　fbrms　and　of　which　sun　has　been　the　solesource．　In　a11嘘mes，　man　has　looked　fbr　energy　to　make　his　hfb　more　comfbrtable　and　more　active．With　the　gradual　development　of．human　civ並ahon，．mIm　has　leamt　to　extract　energy廿om　fbss皿fUels，　where　sunl　s　energy　was　stored　mi1Hons　of　years　befbre，　and　ffom　atoms，　where　the　energywas　locked　ffom　the　begillning　of　the　uhiverse．　However，　an　explosion　in　the　world　population，　withan　ever　increasing　demand　of　mankind　fbr　cnergy，　makes　the　present　energy　supply　insul田cient　Withthe　dwind亙ng　fbssil　fue1．combined　with　serious　health　hazards　and　environmental　pollution　due　toboth　nudear　power　plant　and　fbssil　fuels，　mankind　is　again　looking杖）wards　the　sun，　the　potentia丑energy　source，　to　get　cheap　and　clean　energy．　　　　　　Energy　flux　r�teived　by　the　earth　in　one　year　is　3×10：聾J．　It　is　estimated　that　in　one　week，　the　　　　！planet　r�teives　the　equivalent　of　aU　of　its　non−solar　energy　reserves．　Tb　tap　energy　ffom　thisenormous　sour�t，　scientists　have　tried　in　different　ways　to　meet　the　energy　demand　of　burgeoningworld　p6pulation　which　is　gohlg　to　be　double　by　2020　as　the　World　Energy　Counc蝕（WEC）predicts．Amohg　the　various　solar　energy　converters，　photovoltaic（PV）ce皿s　are　the　most　extensively　studiedand　a　consumer　level　has　n�p・ly　been　a価ned　t�thnologic誕1y．　PV　c｛魅訂e　we皿�qown　fbr　their　space一263一CHAP皿ヨR　1．（｝θηθrα’乃πr∂伽。’∫oηapphcations，　and　their　terrestrial　application　is　oll　the　way　of　commerciahza銭on．　They　are　alreadybeing　used　in　many　stand−alone　applications　remote　ffom　grid，　such　as，　el�ttric　power　supply　to　TV「eb「oad螂tんd�to�ounicadon「epeate「s槍tions［1・2］・r1�t価cadon　of岬曽四nit呪［3］1、甲rct『cpropulsion　hl　r�treational　boating【4】and　hl　many　everyday　use　el�ttronic　goods．・．Bht　uSe　bf．PV　fbrudh脚dg「’d．onnected　systems肛eyet　to　bep「窒xe噸中ll餓ρno岬’即d「e琴ab！eρ岬γ・κ…di・g　t・th・N・U・n跳・・ci・U・n・f　R・g・1・t・琢Ut皿ity　C・�oissi・n・・s（NARUC）［5］，　the踊oost　of　e1�ttricity　generation　bγcoal−fired　steam　system　is＄0．08，　by　gasたombined　cyde　system　is＄0．08and　by　PV　is＄0．24．　This　prohibitive　high　cost　makes　use　of　PV　f6r　mass　geheration　ofe1�ttricity　fbr　commo無consumer　apPlic孕tion　unrealistic．　　　　　　　　Given　the　enviro�oent田impact　of　convention瓠e1�tt践city　generation即d　an　increasingdemand　of　energy　in　an　eYer　increasing　world　population　at　hland，　there　is　an　urgent　need　to¢evelopI・w…t・・u・ce・飴・¢1・�omd．・en・w・bl・ρ・・士gy・Mmy・ci・n・藍…皿・v・・血・w・・ld　h即・w・・k・d　fQ・years　to　deve1Qp　low　cost，　high　efHdency　solar�tlls．　Table　1．1summerizes　the　best　reported　resultsof　50mβrelatively　cheap　solar　ce慧s　that　are　potential　candidates「fbr　terrestrial　application．　Though血・・ep・・t・d・璋・i・nd・5・f　Si・C・1・S・・�pd　CdT・b翻・・1訂�tll・肛・q・il・恒igh（17・2・16β�pd15．8resp�ttively），　deposition　t�thniques　fbr　Si　and　CulnSe2　are　expenslve　andρ（重Te　is　consideredas　an　enviromlental　hazard．　Recently，　G　r　atz号1　and　coworkers　develope“adye−sensitized　nano一　　　　　　　　　　　　　　　　．Table　1．1：．　BeSt　reported　ef且ciency．of．some　relatively　cheap　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　solar　cellSMaterialStructureEfHciency（％）Ref．SiCuInSe　　　　　　2CdTeCdS．Tidlμc−SiC／poly−SiZnO／du（InGa）SeCdS／CulnSe2CdS／CdTeCdS／Cu2STio2／Dye17．216．88．115．8　1016【6］［7］［8］［9］［10】［11］一264一CHAP：τ：E：R　1．　Gεηθ7α〃沈ro4翻。∫∫oπcrys田1Hne（DN　C＞TiO2　photoel�t甘ochemical（PEC）solar　ceU．［11］，　where　a血in且�qof　titaniumdioxide，　a　high　band・gap（3．2　eV）oxide　semiconductor，　is　coated　with　a　monolayer　of　a・h訂ge−t・鋤・f・・dy・t・・en・ld・・th・mm　f・・light　h贈・・ti・g・M・n・ch・・m・d・q・�p加m　yi・ld・血th・visible　region　of　up　to　100％and　overan　hght　to　el�ttric　energy　conversion　efHciencies　of　10％insimulated　solar　light（AM　1．5）［121　and　12％in　diffused　day　light［11】have　been　reported．　　　　　　　The　physical　principle　of　Gratzel　cell　differs　ffom　the　conventional　solid　state　solar　cells．in　thesense　that　the　fUnctions　of　hght　absorption　and　charge　carrier　transport　are　s　eperated　in　these　devices．In　the　case　ofη一type　materials，　such　as　TiQ2，　current　is　generated　when　a　photon　absorbed　by　a　dyemol�tule　gives　rise　to　el�ttron　i功�ttion　into　the　conduction　band　of　the　semiconductor．　It　is　amazingthat　a　solar　cell　so　easy　to　prepare　and　so　similar　to　photographic　process　can　apProach　the　efficiencyof　conventionaユsolar�tlls（10−15％）．　One　of　the　m勾or　advantages　of　the　Gratzel　cell　is　that　it　uses　am・t・・i訓（TiO，）whi・h　i・c蜘，・bund�pt血nat・・e血d・・vi・・nm・n凶y　b・nig・．愉ti・・t・d　by　th・exciting　results　of　this�t11，　a　great　number　of　res　earch　laboratories　have　engaged　in　the　developmentof　TiO2　based　solar　cells　since　then，　which　is　also　the　main　fbcus　of　this　dissertation。1．2TiO2−Amaterial　of　choice　　　　　　　It　was　F司ishima　and　Honda［13，14］who　first　recognized　the　photocatalytic　property　of　TiO2in　1971　with　the　observation　that　water　could　be　spht　hlto　oxygen　and　hydrogen　on　a　biased　TiO2single−cワ・t訓el�t甘・de　up・n　iU・mi・・廿・n　with　UV　Iig取t・乃is出・c・ve理・・mbi・磁with　the　p・bH・aw　areness　of　the　need　fbr　cheap　and　clean　energy　prompted　extensive　research　onsemiconducto「一Hq・id」un・ti・n・・1町cen・（『UC）・・i・g．th・m・t・・i組TiO・［15−20］・B・・id・SLIC・・h・material　TiO2　soon　found　its　apphcation　in　many　other　arρas，　to　name　a　few，　photoel�ttro−chemicalconversion　of　solar　to　chemical　energy［21−23］，　photocataly亘。　degradation　of　air／water　pollutants［24−26］，and　photochemical　methods　fbr　organic　hnctional　groups　transfbrmations　and　metal　recovery［27−29］．It　has　also　numerous　ind廿stria1．applicadons，　such　as，　as　a　diel�ttric　material　in　el�ttroniccircuits，　optical　coatings，　as　an　additive　in　toothpaste，　as　a　white　pigment，　etc．．The　high　popularity　of一265一CHAP�o1．　Gεηθr8〃漉ro伽。琵。πthis・material　is　mahlly　due　to　its　exceptional　stab丑ity　and　ease　of　preparation．　lt　can　be　prepared　ffomlow　to　medium　p町ity　materials重hrough　low−oost　processes．　It　is　also　non−toxic，　environmentalffiendly　and　hamlless．　However，　as　far　as　SI」C　is　ooncerned　w耳ere　a　high　yield　is　also　n�tessary田ong　w下血e　s励nity，　it　perfbmed　poorly　hl　regard　to．its　over瓠l　energy　conversion　ef且ciency．　Itwas　fbund　that　due　to　the　high　band　gap（3　eV）of　Tio2，0nly　3％of　natural　sunhght　can　be　absorbedby　it　and　overall　efHciency　of　SLJC　remains　less　than　1％．　　　　　　Apart　ffom　TiO2，　many　other．oxide−semiconductors（SrTiO3，　Fe203，　SnO2，　ZnO，　In203　andWO、）絡w・11　as　n・n一・xid・・emi。・nd・・t・rs（Si・G・・C・返・β・P・G蜘・1・P）w・・e　inv�ttig・t凶f・・their　apphcation　in　solar　energy　conversion　using　water−splitthlg　reaction．　However，　it　was　soonreahzed　that　non　of　the　oxide　semiconductors　possesses　all　the　required　properties　f6r　ef且cientphoto−electrolysis，　namely（i）an　optimum　band　gap　of　1．5to　2　eV；（ii）aconduction　band　edge　morenegative　than　the　vぴater　reduction　potential　combined　with　a　valence　band　edge　more　positive　than　thew・・…xid・・i・n　p…n・i副，（ih）・apid・h訂9・聯・f・・短・・Ucs…he　el�t…ly・・，噛皿d（i・）・x・・e血・resistance　to　corrosion　of　the　s　e�uconductor　surface［30｝Further，　a11廿1e　non−oxide　semiconductorsproved　to　be　highly　corrosive　in　an　el�ttrolytic　medi鉢　　　　　　　n・・e鉛・e・d・・pit・it・坪gh　b・nd　g・p・賢0・rem証・・d器・m・t・・i創・f・h・i・・飴・s・1訂ene「gyoonversion　mainly　d血6　to　its　favorable　physical　and　chemical　properties　fbr　ef丘cient　photocatalyticreactions　combined　with．　its　exceptional　stabihty　hl　a�qost　alI　adverse　electrolytic　media．　H　uge　e価ortsw・士・p・t血出・p認tby．・世f・・ent　g・・up・t・m盛・TiO、　an・缶・i・・t・・1礎�tll　m・t・・i討・i血・・by・ed・・i・gthe　band　gap　by　incorporating　fbreign　elements　into　its　lattice［3↓32］or　by　sensit面ng　TiO2，by　a　lowb�pd．9・pm・t・・i曲・x⇔1・it　th・．・i・iや1…gi…fth…1訂・n・・副33，34］．1・・ith・・c麗・，1�qit・dsuccess　was　obtained　due　to　various　factors．　In　1991，　Gratzel　and　co−workers　made　a　breakthrough　inpreparing　a　PEC　cell　with　an　efHciency（10％）which　is　comparable　to　the　conventional　solid　state・・1�系・・職・i甜・d・・亘・n・fthi・n・鴨P・・f�t11，　whi・h　i・bお・d・n　n�p・一。琢・・曲・TiO・deposited　on　a　conduc藪ng　glass　substrate　and　coated　with　a　rbono−layer　of　dye，　regalvanized　theinterest　in　TiO2　with　new　hope　and　new　prospect．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　L266一αL4PIER　1．　Gεηε7α1加〃。伽。諺。η1．3TiO2−Crystalline　phases　and　structure　　　　　　Tiqz　exist　in　thr�td温erent　crysta�qe　polymorphs：rut皿e，　allatase　and　brookite．（）nly　anataseand　rutHe　have　relevance　in　various　optical　and　opto−el�ttrical　appHcadons　with　anatase　having・up・h…自t・一61¢t朗P・・P・而・・th�pth・・e・f翻a紬・幡・鉛�o・f贋0、丞b・h・v�pt・b・m・・ephotoactive　and　is　characterized　by　wider　band　gap（3．2vs．3。O　eV），10wer　e飾�ttive　b1�ttron　mass，higher　mobihty，　shallower　donor　leve1，　higher　luminescen�tand　lower　die1�ttric　constant（48　vs．173），compared　to　those　of　rutile．　　　　　　Both　fbrms　possess　a　K）ck−salt　type　tetragonal　latti�twhich　contains　somewhat　distortedoctahedra．　The　two　crystal　stnlctures　differ　by　the　distortion　of　each　octahedron　and　by　the　assemblypattem　of　the　octahedron　chains．　Fig．1．1　shows　the　unit　ce皿structures　of　the　anatase　and　rutilecrystals．　Each　Ti4＋ion　is　surrounded　by　an�ttahedron　of　six　O2’ions．　The�ttahedron　in　rut丑e　has　a　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Anatase　　　　　Anatase　　　　　　’η07θ助。醜。加θ　　　　　　Z・WθrのCπVθθ1θCが0η〃2α55　　　　　乃∫8乃θ潮・わ∫�S　　　　　5加〃owθア4b〃。〃θvθ1●TiooRutile81．21。90。＜ooo創　Il　oマ慮2●a＝4．593A　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　a＝3．784A　　　　　　　　　　Fig・1・1（勢stal　structure　of　rutile　and　ana伽e　TiO2．　　　　　　　　　　　　　　　　　　　　　　　　　　一267一1II7昌12．92力3・@　l@　I。＜tηo呂ヤ一　　　　　一@　　　　　鳶　　　　　吋〃C珊PIER　1．（：｝εηθrσ11カ’ro4μc∫∫oη・light・・th…mbi・出・t・・廿・n醐・th・t恥．．孤・臨hお・・ig面ca・t曲・廿・n　wit無i捻・y卑m・t琢1・w・・出�o・・th…mbi¢F・・血・・，　i・�p・螂・，・ach　g・励・d・・n・h町・・飴・・edg・r　with．・・ighb・d・g・ct曲e畝wh・・三脚each・c曲・ρ・・n・h訂…PP・・ite　edg・・with　neゆbo「血g　oct曲ed「鞠lead血g　to鉤・m・ti・n・f・ct・h・d・a　ch・i・吊・Th・Ti−Ti　b・n�I・血�t・血鋤・幡・訂・g・e・t・・（3・79孤d　3ρ4A…3・57�pd2・96　A）wh・・ρ・・三一〇面・伽�t・．群・・1ightly・＃・且e噸止osein「udle（1・95　md1．91Av5．2．01　and　1．9A）．　Though　theわond　distances　are　not　much　d置erenちgreater　distor藤on　hlb・nd�pgles　re・u1旛i・…m・wh・t　m・・e・P・n・tm・t・・e（high・・m・1訂・・1・mρ・1・w・・d・n・ity！飴・apatase　than　that　fbr　rutile［35］．　　　　　　　B・th　1・ttice・肛・h帥ly・y�o・t・i・記“dth・e・pect　t・tit血・甲・t・m・・b・t・・t・b・u璽the3−coordinate　gxygen　atoms　in　OTi3　units．　Further，　there　are　differing　g．eo甲etries　of　the　Ti−0（ri）一Ti　units　in　a臓atase　and　rutile　which　Iead　to　diffbrent　degree　of　assymmetry　about　the　oxygenatoms．　This　diffbrence恥theξeometrical　structure　of　OTi3　units　is　supposed敏）be　the　main　cause　fbr醗・ent　phy・i・烈・nd・h・mi・�M・・P・・d・・b・伽een　an・伽e　and　n・t皿・［36】．　S・m・bf　th・bおi・stmctur舳d　optic曲at肛es　of　mtile�p伽tase　mo面cations　of賢02訂e　su�o囲zed　in　Table　1．2．　　　　　　　Small　cations　and　anions　can　migrate　relatively　rapidly　thτough　channels　in　the　twolattices，　a　process　lhat　a飾�tts　the　uniR）皿ity　of　doping　and　the　density　of士�tombination　centers．　TheTable　1．2：Some　basic　structural　and　optical　fbatures　Gf　nユtile　and　anatse　TiO2Rut餌eAnatase乙肋髭0θ〃5診ア廊Cあ〃「θNo．σf　moleculespe1・unit　c611π一174f∫言αηcε17−04∫3孟α7zcε　π0、oαα乃θ伽・0霊3纏殉．Dεπ5∫り，βαη48i弔E8D‘e1θα7∫cooη3ご卿∫　　　Tetragonal　　　　　　2　3．57and　2．96　A2．01and　1．92　Aslight　orthorombic　　　distortiOI1　　　　　　　　　　の　　　assymetnc　　　4．25．g／cm3　　　　3．OeV　　　　　173　　Tetragonal　　　　　　43．79and　3．04　A1．95a血d　1．91　ASymmetry　lOwer．than　orthoron享biρhighly　assymetric　　　3．894g／bm　3　　　　3．2eV　　　　　48一268一CH4P7ER　1．　Gεηεrα〃加704μα’oηchalmel　in　rutne　hes　paralIeI　to　the£　axis　（perpendicular　to　the　OOl　fa�t）．　It　has　roughly　ch’culardimensions　with　an　approximate　radius　of　O．8　A，　based　on　ionic　radii　of　O．6　A　and　1．3　A　fbr　Ti　andO，resp�ttively［37］・In　contrast，　the　channels　in　anatase　run　perpendicularly　to　the　g　axis　and　to　eachother．　　　　　　　　　Rutile　is　the�oodynamically　more　stable　than　anatas骨at　room　temperature；the　ffee　energychange　fbr　anatase　to　mtile　is−5．4　KJ／mol［38］．　Anatase　can　be　converted　to　rutne　at　hightemperatures．　The　rate　of　conversion　does　not　b�tome　significant　until　temperatures　above　500。C，≡md　depends　on　the　sample　mqrphology，　the　nature　of　any　impurities　present［39］，　and　the　ambientatmosphere［40］as　well　as　the　temperature．　　　　　　　Theoretical　calculations　of　the　energy　band　structure　of　rutile　have　been　reported　byGoodenough［41］，　V6s［42］，　Daudeθ∫α1．［43］，　and　Munnix　and　S　chmeits［44］．　The　upper　edge　ofthe　valence　band　arises　ffom　O（2p）atomic　orbitals　which　fbrmπ一bonding　orbitals．　The　lower　part　ofthe　conduction　band　originates　predomlnantly　from　Ti（3d）aめmic　orbitals　and　contains　a　t2g−1皿（enonbond血g　band　and　an　eg−hkeπ＊band・The　deta直1ed　calculaUons　of　the　band　structure　of　ana伽e　areyet　to　be　carried　out．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・1．4DNC　solar　cell−Problems　and　prospect　　　　　　　Considering　the　positive　aspects　of　TiO20n　one　hand　and　the　high　demand　fbr　cheap　alldrenewabIe　energy　on　the　other，　a　great　deal　of　research　effbrt　has　been　put　in　the　past　several　years　toreproduce　and　improve　the　Gratzel　ceU．　However，　though　few　groups［45］claim　to　have　achievedhigh　efHciency（9．2％）close　to　that　reported　by　Gratzel（10％），　there　is　a　widespread　controversy3bout　the　reproducibility　of　the　Gratzel　cdl　and　efficiency　obtained　by　most　of　the　groups　is　only　6〜7％［46，47］．Gratzel　cell　is　also　currently　being　fa�td　with　a　number　of　practical　challanges．　The　cell，though　ef巨cient　in　charge　transfer　and　ffee　ffom　el�ttron−hole　r�tombination　loss，　suffers　a　lack　ofstab丑ity　and　the　dye　sensitizer　is　prone　to　chemical　degradation．　Further，　the　liquid　el�ttrolyte　is　easyto　get　evaporated　when　the　ceU　is　imperf�ttly　sealed，　and　more　generany　diffbsion　and　reaction　of一269一CHAP�o1．　Gεπθ7α〃厩ro4配αεoηw・t・・…xyg・n　m・1�t・1・・m・y　w・rsen血e　ce皿P・面m・�pce．舟・・，　d・・沁宙・p・�t・nce・f　liq・idel�ttrolyte　malluf葱cture　of　multi−cell　module　is　d面cult　because　the　cells　must　be　connected　el�ttricallyyet　seperated　che�u6ally，　preferably　on　a　single　subs甘ate．　These　d縦iculties　have　made　the　productionof　the�t110n　a　oommercial　basis　improbable　despite　its　low　oost（0．07−0．10＄ノkWh）［47］and　simplefabrication　technique．　　　　　　　Considering　these　aspects，　several　groups　concentrated　their　efR）rts　fbr　the　developmellt　of　asolid−state　pro叙）type　of　the　DNC　solar　ce皿．　One　idea　was　to　subsdtute　the　hquid　el�ttrolyte　with　aP−typ・・emi。・nd・・め・t・・c即・ng・th・h・1・丘・m　th・ph・ね一exdt・d　dy・．　T・nn・k・n・・‘・ム．m48］reported　the　first　such　sohd−state　dye−sensittzed　heterc巾nction　solar．　cell　of　structure　TiO2／dyGICuI，where　Cul　is　a　high　band　gap（＞2．8　eV）p−type　transparent　semiconductor．　A　short−circuit　current　of2．5mA／cm2，0pen−c廿cuit　voltage　of　about　375　mV，　and　an　over　all　efficiency　of　about　O．8％wereobtained　with　such　a　ce1L　Regan　θ’　α1．　［49］　reported　similar　solid−state　prototype，TiO2／dye4）一CuSCN，　where　they　made　use　of」ρ一CuSCN　to　substitute　the　el�ttrolyte．　Though　areasonable　good　open−circuit　voltage（一500　mV）was　obtained，　photocurrent　was　only　in　themicro一ﾏlnpere　range．　Caoαα1．［50】reporte母aquasi−solid−state　cell　where　they　used　ionic　conductingpolymer，　prepared　by　gelation　using　polyacrylonitrne，　instead　of　the　hquid　el�ttrolyte．　However，　lowquantum　yield　was．observed　and　was　explained　as　due　to　incomplete　wetting　of　the　nano−structuredP6・・u・買。，　mm　by　th・p・lym・・e1�tt・・lyt＆M・・e・�t・琴“y，　Bach…乙［51］i・t・・d・ced�panorphous　conducting　material，　which　is　actua皿y　an　organic　hole　transport　materia1（HTM）wherepositive　charge　hope　ffom　one　mo1�tule　to　another，　to　replace　the　liquid　el�ttrolyte．　One　m勾oradvantage　of　this　material　is　that　since　the　material　is　in　amorphous　state，　it　would　make　better　contactat　the　interface　With　the　dye−coated　TiO2　than　would　a　crysta皿ine　state，　ensuring　efficient　hole漁nspo士t廿om　the　oxydized　dye　to　the　HTM　Though　the　ce皿perfbrm…mce　is　poor　Imd　the　e∬dency　islow（0．70％），　the　new　material　does　show　the　prosp�tt　fbr　cheap，　large　area　sohd−state　dye　s　ensitizedsolar　cell．　　　　　　血othe「idea　tow訂ds甲lid願state　p「ototype　ofDNC　cell　is　to「サplace　the　dye頭th　a両me「　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一270一C朋PIER　1．σεπε7α1血玄70伽。∫∫oηor　a　p−type　semiconductor　which　w皿1　result　hl　an　all　solid−state　nano−crysta皿hle　Tiq　solar�t1LK瑚iharaε∫αZ．［52】reported　a　photovoltaic　ce皿of　structure　rrOゾriq！boly血iophelle（PT）∠Au．　Thesuperiority　of　PT　over　organic　dye　is　that　it　is　m�thanica皿y　tough　and　its　e1�t頃cal　properties　areneghgibly　a丘�tted　by　air．　However，　the　ef且ciency　obtahled　with　this　structure　was　quite　low（0．008％）and　is　attr董）uted　to　the　poor　contad；between　the　nano−crysta皿ites　and　PT，　specially　in　the�qterior　of　the　fnm．　In　order　to　obtain　intimate　contact　between　the　nano−crystals　and　the　polymer，　aoo両ugate．　polymer−semi◎onductor　nanocrystal　device（Al／polymer−nanocrystal　composite／SnO2：F−glass）was　fabricated　by　Salafskyε∫α1．［53］．　Aga血，　only　hmited　su�tess　has　been　obtahledwith　this　stru（加re．　An　a皿solid−state　p一ηheter（巾nction　solar　cell　of　structure　SnO2／nO2毎一Si：Hi／Ptwith　an　efficiency　of　around　1％has　been　reported　by　Konen：kanpε∫σ1．［54］．　Poor◎ontact　at　theinterface　and　coverage　of　only　a　small　haction　of　the　total　internal　surface　area　of　the　fi�qby　a−Si　ledto　low　yield　of　such　a　ce皿．　Deposition　of　quantum　dots　of　PbS　on　nano−crystanine　Tiq2　wasperceived　as　a　possible　way　of　obtaining　int�qate　oontact　to　the　intemal　su�ua�tof　TiO2．　HoWevermuch　remains　tg　develop　the　system　befbre　any　reasonably　good　efficiency　can　be　achieved丘om　thisstructure．　　　　　　The　main　problem　in　all　sorts　of　solid−state　TiO2　solar　cell　stnlctures　addressed　so　far　lies　inhaving　a　good◎ontact　with　the　nano−crystamtes　of　TiO2．　Therefbre，　fbr　sohd−state　solar　cellapphca重ion，　one　may　consider　the　use　of　a　TiO2　fnm　with　a　flat　surf窃�twhich　wm　result　in　a　bettercontact　though　at　the　expens　e　of　a　huge　d�trease　hl　e価�ttive　surface　area．　However，　a　semiconductorwith　high　absorption　coef磁cient　must　be　chosen　as　the　main　absorber　Inaterial　in　this　case　to　get　anef償cientηrp　heter（加nction　solar　ceU　structure．　The　high　ef応�t嘘ve　su�uace　area　of　TiO2且�q，　which　isn�tessary　for　a　DNC　cen　to　ensure　maximum　possible　solar　energy　absorption，　w∬l　not　be　requh’ed｛my　mQre　once　the　absorber　layef　has　a　high　absorpUon　coef丘cient　and　enough面。�qess．　Such　a　ce皿st卑cturer　namely，．π一TiO2クーCulnSe2，　is　proposed　alld　its　mod笛cation　fbr　better　pe�ubrmance　isdescribed　in　chapter　40f　this　dissertation．　CulnSe2　is　chosep　as　an　absorber　material　b�tause　of　itslow　band　gap　and　extremely　high　absorption◎oef且cient．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一271一C猛4PIER　1．　Gθηθrα11寵ro伽α∫oη1．5Purpose　and　organization　of　this　dissertation　　　　　　　With　the　depleting　energy　resources　and．incre麗ed　enviro�oent田pollution　due　to鉛ssil血el，the　ever　increasing　demand　fbr　cheap　and　dean　energy　can　be　met　by　the　developmenl　of　efficient　andqost−eff�ttive　solar　cells．　The　purpose　of　this　disSertation　is　aimed　at　developing　low　cost　solar　censbased　on　an　environmenta皿y　be�ugn　oxide　semiconductor．such　as　TiO2，　which　is　cheap，　easy　toprepare，　non−toxic　and　abundant　in　nature．　　　　　　　In　contrast　to　the　rutile　modific葺tion　of　TiO2　which　is　weU　studied，　the　anatase　mod並ication，which　has　gained　the　central　fbcus　only　r�tently　after　the　Gratze1�t11　and　is　considered　as．a　potentialmaterial　fbr　photovoltaics，　is　stin　under　investigation　fbr　its　various　optical　and　el�ttrical　properties．Therefbre，　befbre．experimenting　with　solar�t11，　we　have　explored　various　structural，　optical　ande1�t廿ical　prope孟ies　of　n｛mo−cryst田1ine　Ti（いhin　H�qs　deposited　by　a　sol−gel　method　which　aredescribed　in　the　fbllowhlg　chapter（chapter　2）．　Amollg　various　existhlg　methods，　we　have　employedsol−gel　dip−coa廿血g　method　to　prepare　the　nano−crya城11hle　5�qs｛md、血e　effect　of軍mea陸ngt・mp・・a加・e・蜘・t皿・tn・ct・・e，・・y・幽・it脚d　g・・w止・f・肛i・u・phase・，�pd・th・・mm　p・・P・，廿・，are　studied　in　detail．　　　　　　　Dye−sensitized　solar　cell　based　on　nano−crystalline　TiO2　has　attracted．much　a就ention　due　to　itslow．@cost　and　simple　fabrication　t�thnique。　However，　much　remains　to　understand　funy　the　devicem�thanism　and　various　problems　associated　with　its　fabrication　hl　order　to　reproduce　the　10％・缶・i・nt　G・aセ・1璽s�t11・1・・hゆt・・3，　w・wi血give　a　b・i・f血t・・d・・ti・n・fthi・n・w　typ・・f�t11，　i捻preparation　and　operating　prindples，　and　wi皿report　the　results　of　our　prehminary　investigation　onDNC　ce皿s　with　the　TiO2　fi�qs　behlg　prepared　by　spreadhlg　the　co皿oidal　TiO2　paste　using　a　glass　rodand　by　sol−gel　dip−coating　method．　SHght　addition　of　triton−X．　to　the　TiO2　paste，　which　is　usuallyadded　to　assist　thc　spreading　of　the　sol　on　the　subs甘ate，　has　been　fbund．to　have　a　prof6und　eff�tt　on�tll帥・面ce・蘭1・・f血e　e価�tt・ftdt・n−X・d曲耳・n血・・u・f�t・m・・ph・1・gy・f咀0，伽�od�tll　pe�ub�o�oce　wm　be　described　in　this　chapter．　In　the　sol−gel　dip−co組ing　method，　eff�tt　of　p曲ngspeed　on　cell　pe】颪）rmance　is　studied．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一272一C丑A1）7ER　1。　Gθηεrα1伽ro伽。‘’oη　　　　　　　As　has　already　been　described　in　s�ttion　1．4，　the　DNC　cell，　developed　by　Gratzel　and　hisgroup，　though　very　attractive　due　to　its　low　cost　and　simple　fabrication　technique，　suffbrs　a　lack　ofstab皿ity　dueぬorgano−metalHc　dye　and　liquid　el�ttrolyte．　Therefbre，　it　is　worthwhne　to　look　into　theP・ssib丑ity・f　d・v・1・P血9…藍id−sぬt…1訂�t11　h・血g　th・1・w…曲i・釦m・f　TiO，舳・w血d・wmaterial　and　any　other　suitable　semiconductor　as　the　base　materia1．　Among　various　semiconductors，C・1・S・・丞�q・w・t・beag・・dm・t・・i曲・ph・t・v・1t瓠・d・vice・．　Ithas　al・wb�pdg叩（1．04・V），high　absorption　cod温cient　and　stable　opto−el�ttrical　characteristics．　In　chapter　4，　first，　a　model　f6rour　proposedη一TiO2∠ρ一CuInS　e2　heterqjunction　solar　ceU　has　been　developed　and　its　efficiency　hasb�tncalculated　in　order　to　find　out　its　feasibiHty　as　a　photovoltaic　energy　converter．　Our　model　isdeveloped　using　the　estabhshed　thOories　of　current　conduction　m�thanism　in　Scho‡tky　barrierdiodes　with　a　varying　barrier　height　as　the　j　unction　voltage　of　the　cell　varies．　　　　　　　Despit・th・p・t・nti訓P…pect・f　nO、　i・m曲g　l・w…th・t・・句uncti・n、。1肛cem。・・切unc廿・n　with　C・1・S・，，　a　cl・・e　l・・k・t血・b・nd　di・g・�o・f　TiO，／C・InS・、　h・t・・句un・ti・n・ev・田・the　fact　that　TiO2　is　not　a　good　match　fbr　CuInSe2。　B�tause　of　the　mismatch　between　el�ttronaffhlities　of　TiO2（4　ev）and　CuInSe2（4．48　eV），　there　exists　a　high　splke　at　the　conduction　bandedges　of　TiO2／CuInSe2　heter（加nc廿on　which　wiH　hinder　the　flow　of　photo−generated　e1�ttrons　ffomρuInSe2　to　TiO2　and　w皿1　keep　the　cell　ef6ciency　to　a　low　value．　A　theoretical　efficiency　of　about1・51％h器been・訓cul・t・d　und・・id・母・・ndid・n・，　i・α，・・gl�t亘・g・�t・mbina廿・n　l・sse・�pd　th・efβects　of　series　and　shunt　resistances．　　　　　　　Therefbre，　to　reduce　this　high　barrier，　a　new　solar　cell　material　PbxTi1一、02　is　proposed　as　awindow　material　of　the　cell　instead　of　TiO2，　and　a　th◎oretical　study　of　the　perfbmlance　of　such　a　cell　isalso　made　and　is　discussed　in　chapter　4．　Theore廿cal　work　of　Krishnaαα乙［55］reveals　the　possibihtyof　reducing　the　band　gap　of　TiO2　by　doping　it　with　Pb，　hence　the　material　Pb。Ti1−xO2．　In　ourcalculation，　it　is　assumed　that　the　el�ttron　affinities　of　the　two　semiconductors　are　perf�ttly　matchedand　that　the　band　gap　of　Pb、Ti1一．02　is　2．58　eV．　The　assumption　of　these　values　dosely　matches　withthe　theoretical　calculations　when　PbO2　and　TiO2　are　mixed　at　a　rado　of　1：3［55］．　An　efficiency　of　as　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−273一CI五4P7ER　1．　Gεηεrα11沈ro4腐α’o〃high　as　18．78％　has　been　calculated　theoretically　f6r　this　cell　with　the　configurationルPbxTi1−xO2クーCulnSe2，　assuming　perf�tt　matching　of　the　conduction　band　edges．　　　　　　1n　chapter　5，　we　have　rΦorted　the　results　of　our　preliminary　attempt　to　produce　Pb詫Ti1、、02material　in　thin　film　fbrm　by　a　simple　sol−gel　method　in　order　to　obtain　a　reduction　in　the　band　gap　andεmincrease　in　the　el�ttron　affinity　of　TiO2．　A　gradllal　d�trease　in　the　band　gap　has　be�pobserved　asthe　content　of　Pb　is　increased．into　the　TiO21attice．　Various　stnlctural，　optical，　compositional　andchemical　analyses　of　the　f皿ms　are　carried　out　using　standard　analytical　t�thniques　and　are　discussed血detail　in　this　chapter．　　　　　　Finally，　in　chapter　6，　a　summary　and　few　remarks　on　the　fUture　scope　of　this　work　are　given．一274一ノCHAP1：ER　1．　Gεηε7αム肋言ro伽。∫∫oηRefbrences［1］H．F．　Ramos，］財。乃．　Dご80π1EEE　F∫r∫’W∂rZ4　Co乖rθηcθoηP乃。ホovo1翅。．Eπθr9ソ　　　Coηvεr∫∫oη，　Hawaii，1994，　p．1141．　　　　　　　　　』［2］J．A．　Gregory，　A．S．　Bah勾and　R．S．　Stainton，1セ。乃．　D∫8．　oπ1EEE　F∫r∫∫W∂r配　　　Co乖rεηcεoηP乃。ψovo1∫o∫c　Eηε78：y　Coηvεr∫∫oπ，　Hawaii，1994，　p．1149．［3］J．M．　Huacuz，　J．　Agredano，　G．　Munguia，　R．　Flores，1セ。乃二D‘8．　oηZEEE　F∫r∬W∂7尼　　　Co乖rεηcεoηP乃。芸ovo伽’c　E彫θr8：y　Coηvεr∫’oη，　Hawaii，1994，　p．1134．［4］G．Loois，　F．　P．　H．Wouters，　G．　M．　Koertsand，　T．　C．　J．　V．　Weiden，距。乃．　Dご80ηZEEE　　　F∫r∫∫WbrZ4　Co乖rθπcθoη1）乃。∫ovo伽‘c　Eηθ78y　Coηvθr5ゴ。η，　Hawaii，1994，　p．1157．［5］National　Association　of　Reg皿atory　Utility　Cimmisioners（NARUC），　E1θc’rεc　Powθr　　　7セ。加0108：ソ’ρρ∫∫oη5」わrσ∫ε1妙Gεηε7α距。παη4∫ω7α8ε，NARUC　Hnance　alld　　　Technology　Committee，　USA（February　1991）．［6］W．Ma，　T．　Ho血chi，　M．　Yoshimi，　K．　Hattori，　H．　Okamoto　Imd　Y．　Hamakawa，　Proc．　　　PV5EC−6，　New　Delhi，1992，　p．463．［7］M．A．　Contreras，　J．　Tuttle，　A．　Gabor，　A．　Tennant，　K．　Ramanathan，　S。　Asher，　A．　Ranz，　　　J．Keanc，　L　Wang，　J．　Sco五eld　Imd　R．　Noufi，艶。乃．　D’80〃1朋E　Fεr5∫W∂714　　　Co乖rθπcεoπ1）乃αovo1翻。　Eη8r8y　Coηvε7∫∫oπ，　Hawaii，1994，　p．68．［8］T．Nakada，　N．　Okano，　Y．　Tanaka，　H．　Fukuda　and　A．　Kunioka，7診。乃．　D∫g．　oη1EEE　F’7∫’　　　　W∂r14　Co乖rεηcθoπ1）乃。診∂vo1履。　EηθrgソCoηvε7∫’oη，　Hawaii，1994，　p．95．［9］C．Ferekides　and　J．　Britt，1セ。ぬ．　D∫g．，7〃11雇．　P四EC，　Japan，1993，　p．509．［10】H．J．　Hovel，5θ磁た。π伽。ホorMη45θ魏’彫ε‘α1∫，　Vol．11，　R．K．　Willardson　and　A．C．　　　　Beef（eds），　Academic　Press，　New　York，1975，　p．195．［11］B．0電Regan　and　M．　Gratzel，1W吻rθ353（1991）737．［12］M．K．　Nazeeruddin，　A．　Kay，1．　Rodicio，　R．　Humphry−Baker，　E．　Muller，　P．　Lis琴a，　N．　　　Vlachopoulos　and　M．　Gratzel，」∴A膨．（茄θ彫．50c．115（1993）6382，　and　references　　　therein．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一275一CHAP1：ER　1．　Gθηθrα11ン1広ro4κc∫∫oη［13］A．Fqjishima　and　K．　Honda，　B那1乙C乃θ拠．50c．」ゆ側44（1971）1148．［14］A．F勇ishima　and　K．　Honda，肋伽rθ238（1972）37．［15］q．P．　A．　Peter　and　A．　F．　Sammells，　Fαrα伽y　D’∫c那∬Rρyσ1、∫oc．70，（1980）207．［16］R．Memming，　E1θc該roc乃αη．．A伽25，（1980）77．［17］A．J．　Bard，　BθA　B麗η∫θη8θ乱P勿5．　C乃θ膨．92（1p88）1187．［18］G．V．　Subbarao，、B那11．　Mα∫θr．5c∫．10（1988）283．［19］LM．　Peter，αε切．　Rεv．90（1990）753．［20］H。Gerischer，　Z　E1εαroαηα乙C乃θ配。82（1977）133．［21］P．V。　Kamat　and　N．　M．　Dimitr顛evic，50」αr　Eηεr紗44（1990）83−98．［22］N．S・・p・n・，　i・J．　R。　N…is　and　D．　M・i・el（・d・），乃・∫・c乃・厩・1E…紗・・・…伽，．　　　　Elsevier　SciencρPublishers　B．　V．，　Amsterdam，　The　Netherlands，1989，　p．279−315．［23］M．Gratzel，　in　E．　pelizzetti　and　N．　Serpone（eds），王1伽08θπθoκMη4　Hθ彪ro8εηεo麗5　　　P乃。茜ocα砂加’∫，　D．　Reidel　Publishing　Company，　Dordrecht，　The　Netherlands，1986，　　　　pp．91−100．［24］0．Legrini，　E．　Oliverosl　and　A．　M．　Braun，αθ配．　Rθv。93（1993）671。［25】A．Mills，　R．　H．　Davies，　and　D．　Worsley，αθ醒．∫oc．　Rεv．23（1993）417．［26］M．R．　Hoffmann，　S．T．　Ma質in，　W．　Choi，　Imd　D．　W．　Bahnemann，　　　　C乃ε〃2．Rεv．95（1995）69．［27］M・A・Fox・in　N・SeΦone皿d　E・鉾li贋tti（・d・）・P乃・夢…ゆ・∫・一一一伽伽・・！・1M・4　　　A〃1加∫加∫，John　Wiley＆．Sons，　New　York，1989，．pp．420−455．．［28】M．A．　Fox，1砂．σ鷹．ααη．142（1991）p71．［29］M．A．　Fox　and　M．　T．　Dulay，αε祝．　Rεv．93（1993）341．［30］H・0・E血ea，　i・3・癬…伽・・E1・α・・4・・，耳．0．　H血・奄（・d），．El・e樋・・S・i・nce　　　　Publishers　B．　V．，　A甲sterdam，　The　Nether！ands，1988，　p．2．［31】H・0・F魍ea，　i・5・履・・ぬ。勿・E1・c〃・4・・，　H・0・耳血ea（・d），　El・e樋・・S・i・nce　　　　Publishers　B．　V．，　Amsterdam，　The　Netherlands，1988，　pp．58−60．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一276一1σπ4PIER　1．　Gεηεrα1加該ro伽。‘’oη［32】Kalaga　M。　Krishna，　Ph．D．　thesis：”Z吻ε07ε’εcα1αη4ε塑θr伽επ∫σ14θ彪r切伽∫加ρプ伽　　　　伽4卿ノbr∫0〃2θη0η一COηη∫‘Vε〃ηη鋤0η〃Zθ∫α10溺θ3プb励ε∫rω∫8加P乃0∫0ε1ε伽，一。舵砺。α1501αrcε〃3”，　Indian　Institute　of　Technology，　Bombay，　India，1995．［33］M．T．　Spitler　and　M．　Calvin，∫αθ配．　P乃y鼠66（1977）4294．［34］M．Gratzel（ed．），　Eηεr紗．Rθ50κrcε∫訪ro那1ψ1）乃。渉oc乃ε泌碑ッαη4　Cα∫αか∫∫∫，　Academic　　　　Press，　New　York，1983．【35］A．LLinsebigler，　G．　Lu，　and　Jr．　J．　T．　Yates，αε濯。　Rθv．95（1995）735−758．［36］N．Serpone　and　R．　F．　Khairutdinov，　in、∫θη2∫coη伽。茜07翫πoc1那∫彪r∫一1）めノ5’cαる　　　　αε履。α1αη4C飢�S”c．A5pθc∫5，　P．　V．　Kamat　and　D．　Meisel（ed），　Elsevier　Science　　　　Publishers　B．　V．，　Amsterdam，　The　Netherlands，1997，　p．419．［37］H．0．Finklea，　in、∫θ配’coη伽αor　E1εc∫ro4θ5，　H．0．　Finklea（ed），　Elsevier　Science　　　　Publishers　B．　V．，　Amsterdam，　The　Netherlands，1988，　p．47．［38】G．V．　Samsonov（ed），1みθOx∫4θ飾η4わooκ，　IFI／Plenum，　NY，1982，　p．23．［39］G．D．　Parfitt，　Pro87．’η3κづ1協θ形わrαηθ3cム11（1976）181．［40］R．D．　Shannon，　Z　4醒）乙P乃y3．35（1964）3414．［41］J．B．　Goodenough，　Prog加、∫01∫43∫α∫θC乃θ溺．5（1971）145．［42］K．Vos，∫P乃y∫．　C　10（1977）3917．［43】N．Daude，　C．　Gout　and　C．　Jouanim，　P乃y5．　Rεv．　B　15（1977）3229．［44］S。Munnix　and　M．　Schmeits，1）乃y5．　Rεv．　B　28（1983）7342．［45］S．K．　Dev，　National　Renewable　Energy　Laboratory（NREL），　GoIdon，　Colorado，　USA；1．　　　　Laue�oann，　Institut　fUr　Angewandte　Photovoltan（（INAP），　Gelsenkirchen，　Germany．［46］A．Hagfeldt，　B．　Didriksson，　T．　Palmqvist，　H．　Lindstrom，　S．　Sodergren，　H．　Rensmo，　　　and　Lindquist，30乙Eηθr8ソルfα彪r．30乙C611531，481（1994）．［47］G．Smestad，　C．　Bignozzi　and　R　Argazzi，30乙Eηεr8：y，Mα∫θr．30乙Cθ1Z∫32（1994）259．［48］K．Tennakone，　G．　R．　R．　A。　Kumara，　A．　R．　Kumarasinghe，　R．　G．　U．W輯ayImtha　and　P．　　　M．Sirimanne，5ε履co磁∫d．　Tεc乃ηoム10（1995）1689．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一277一CI五4P7：ER　1．　Gθηεrα〃寵ro伽。琵。π［49】B．0曾Regan　and　D．　T．　Schwartz，∫4ρμP乃y5．80（1996）4794．［50］F．c・・，　G．　Q・k・m，　G。　J・M・y・・，�pd　P・c・sears…zP醜α・燃100（1996）17021・［51］U．Bach，　D．　L・p・，　P．（hmt・，　J・E・M・・e・，　F・W・isse質・1・J・S田beck・H・Sp・eit・…�pd　　　M．Gratze1，2Vα伽rε395（1998）583．［52］K．K勾ihi・a，　K．　T�p・k・，　K．　Hi・a・，・nd　N・S・9・，ゆ・」4ρμP乃y・・36（1997）5537・［53］J。S．　SalafSky　and　R．　E．　L　Schropp，　Proceedings，2π4　W∂7Z4　Co乖rθηcθoη　　　P乃。夢ovo1魏∫c　501αr　EηεP・8y　Coηvθr5∫oπ，6−10　July，1998，　Vienna，　Austria・［54］R．Konenkanp，　P．　Hoyer　Imd　A．　Wachi，　Z　4ρμP乃y5．79（1996）7029．［55】K．1M．　Krishna，　M．　Sharon，　M．K．　Mishra　and　V．R．　Marathe，αθ膨．　P乃y＆163　　　（1992）401．一278一／C舩PIER　2．　T‘q功’ηノ諺1〃35〃ソ501−8ε14ψ一coα∫護π8◆・。TiO2　thin　films　by　sol・gel　dip・coating．：structural　and　optical　properties2．11ntroduction　　　　　　Tit血�odoxide（TiOg，　perhaps血e　most　widely　s加died　l肛ge　b�od　gap　se�u◎onductor，　h麗diverse　industrial　apPHcations　［1−5］　because　of　i捻　favorable　physica1，　0ptical　and　electronicP「ope「廿es・S血窒?輔「st　demons�Sof　T量0・as　a　se�uconducto「photo�oodb　by　F二三hima�pdHonр＝@in　1『72［6］・extensive「esea「ch　has　been　ca「「ied　qut亨胆se　this　mat研i謡as　a　phOねrl甲「ode．血phqtoe1�tt「rche�ur訓｛PEC）sol飢ce皿s・．職e　key　facto「s　which．。on励uted　tg血e四pu1肛ity　of中ismate伽e　i捻exceptionﾔ．圷t瑚ltγ血el騨qlyti？m騨a　md　e甲e　of．P「ep甲a剛7］・Howeve「・i弊wid撃o�pd、gap（3　eめset　alr剛血gb出r　m舳umposl沁1e　so1訂torl戯「ic訓powe「。onve「sioneffi窒奄?ｎｃｙ　of　this　mate「ial［8］・1呼1991・G「atzel　and　co−wo「ke「r「ep9「ted　a．b「rak血「ough　in．、thedevelopment　high　efficiency（10−12％）dye−sensitized　PEC　solar　cell　by　nlakhlg　use　of　nano−crys廿曲ne　porous　thh1丘�qof　TiO2［9］．　With血is　disoovery，　ag血，　much　attention　h…聡been　divertedtowards　this　classical　materia1．　　　　．Diff『「？nt甲r廿｝9中や「牛eρ「rP｛r弔ion　oギnanq−rryr興ine　Tio・th血叩m　p「epa「atiρn・sμch　arr．．sop’gel［10騨γP￥「olrlis四・c圃。典po「ρeposltioρ（CVD）［12］I　P岬1麗e「�qa伽io耳【斗r］・肛e「epo「tedin血elite「atu「巳How脚e「・血e　mostpopul訂�pd　ma血「edt�th�uques　brrr甲i−condu導ornano−particles　preparation　are　those　based　on　solution　synthesis　route　and◎o皿oidal　chemicalapProaches　rather　than　those　on　sophisticated　and　expensive　gas　phase　t�thniques　［14］，　though　in一279一C舩PIE1〜2。　T’q功’πノΣ1〃3∫Zッ．501一解14ψ一coα∫功8P∵・some　cases　higher　growth　rate　with　be麓er　surface　morphology　and　homogeneity　is　clajmed　fbr　thela賃er　methods［15］．　We　have　prepared　nano−cryst田hne　Tiq　thin　fnms　by　sol−gel　dip−co翫ing　method，the　advantage　of　which　lies　in　its　simpHcity　and　low−cost．　In　this　process，　a　metal−alkoxidc，　M（OR）m，where　M　is　a　metal　and　R　is　an　alkyl　group，　is　hydrolyze4　and　polymerized　by　addi廿on　of　water　andheating　the　solution　a1　a　constant　temperature　fbr　some　hours．　To　get　a　thin　mm，　the　solution・b�q・d，whi・h　i・c姐・d麗・・1・・1・ti・n，興b・・p・ead・d　6・6・a・uitぬ1・．・ub6t・翫・by・v頷的・fmethods　that　indudes　dip−coaUhg，　sやhl　coa廿ng　or　spraying．　The且�qs　thus　dΦosited　are伽t　dd6d　atalower　temperature（〈300。C）to　remove　the　water　and　organic　solvents　and　then　annealed　at　a「e1舐ively　highe「tempe「atu「e（＞400．C）飴「dens田caUon�pd　c「yst曲Uon［16］・、．艶is　resμ1回目n　athin　f皿m　of　nano−crystamne　oxide　semiconductor　particles　with　sponge−ln（e　structure　and　a　porosity・f‘高?ｉｇｈお．T0％．　D・p・n血9血P・n血・・n・・前血g　t・mp・・at・・e鋤d田・・th・・ub・“・t・めP・9・aphy，fnm3　c融n　be　amorphous　or　crystalline（anatase　or　rutile）．　　　　　　　　　　　　　　　．　　　　　　Rutile血odification　of．TiO2　is　the　most　stable　phase　and　its　structural，　optical　andopto−el�ttrical　properties　are　well　st臆died［17−19］．　However，　after　the　Gratzel　PEC　solar　ce皿，　anatasem・面・翫i・n・f．盛0，c・m・血t・鉤b・・b�tau・e・fiお�dhigh　ph・め・bcu・・ent。・nv・・si・n・茄・i・n・y［gl．Therefbre，　in　the　fb皿owing　s�ttions　of　this　dlapter　where　deta皿ed　structural，　optical　and　el�ttrical・n記yses．Ef・u・3・1一含・l　d・・i・・対TiO、血i面�q・a・gi・・n，画・6mphasi・i・p・t・曲・�o・幡・modification．　Thhl　fihns　of　TiO2　are．р?ｐｏｓｉｔｅｄ　on　different　substrates（single　crystal　silioon，　s　apphh’eand　fused　quartz）ubder　different　annealing　temperatures，　and　th6　eff�tts　of　both　the　substrates　andallnealing　temperature　on　crystal甜uct血re，　crysta皿inity　and　growth　of　variou忌phases　are　studied．　Adetailed　optical　characterization　of　the　films　are　done　using　sp�ttr�topic　ellipsometry（SE），　UV−visibletransmittance　and　re且�ttance　sp�ttros◎opy　and．@phoぬlumines�tnce（PL）sp�ttroscopy．　Ef£�tt　of　H2�p・・曲9・・b・th　th・dπk・・d　ph・t・一。・nd・・ti・i騨・母…t・di・d・nd血・d・副・飢・di・cussed　i・th・fbllowing　sections．一280一CH4P7E1〜2・T∫q訪∫ηガ1〃23ρy　501−8θ14｛ρ一coα伽8．．．2．2Experimenta12．2．1跣〃zノΣ〃ηpアゆαrαπoη　　　　　　咀・、・h血且�q・訂・p・ep肛・d　by・・1−9・1φp一。・ad・g　m・血・d・・血g伽i・m・・仕a−i・・P・・P・xid6，Ti［（CH3）2CHO］φas　the　source　mated田s飴r　Ti．25　ml　of　tit�pi�otetra−isoprol沁xide　was　mixed而th　　　　　　　　　　　　　　i　Ti（OC3H7）4　iiiiiiiiiiiiiiiiiiiiii　C2H50H　　i　　　　　　　　　　　　　　i　　　25ml　　　iiiiiiP封i耳蚕iiiiii　　　50ml　　　i　　　　　　　　　　　　　　…：：：：：：：：：：：．．・・：：：：…i…麺唖摩軸i…i：：、．・．．：：：：：：，：，：、…　　　　　　　　　　　　　　iiiiiiiiiiiiiiiiiiiiiii　Mxing　　iiiiiiiiiiiiiiiiiiiiii　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Adding　1．06　ml　of　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　70％HNO　3　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　aq．　solution巳Slow　dropping　in　H20（500m1）at　O。C　　　　Heating　at　80。C　fbr　8　hihydrolysis　and　polycondensation）Concentrating　to　around　100　m1Bluish　TiO2　sol　solution　響@．α）ating　on　Si，　Sapphire，　and　Quartz@　　　substrates　by　dip　coating@　　（Pulling　Speed：0．1　mm／s）Drying　at　80。C　fbr　15　minHeat−treatment　at　400。C　fbr　30　minAnnealing　at　400｛・800。C，6hMultiplecoatlngTio2　thin　mmFig．2．1　Flow　chart　diagram　fbr　preparation　Gf　TiO2　thin　film　　　　　　　　　　by　sol−gel　dip−coating　method　　　　　　　　　　　　　　　　　　　　−281一CII且1）7ER　2．　Tκ≧訪〃21i17π∫Zとソ．501−8ε14ψ一coα’加8…50ml　of　etha血ol　in　a　dry　N2　a�qosphere．　The　solution　was　then　added　dropwise　to　500　ml　of　distilledwater　at　O。C　under　stirring　to　carry　out　hydrolysis．1．06　ml　of　70％HNO3　aq．　solution　was　addedto　this　solution　a負er　which　the　solution　was　su1オ�ttcd　to　heating　at　80。C　fbr　24　h　such　that　the　final・・1・m・wiU　b・100　ml・F皿m・w・・e　c・at・d・n　f・・磁q・鷹・血gle　c・y・佃Si（100）・・apPhi・e・n“ITOcoated　glass　substrates　by　dip　coating　method　with　a　pu11ing　speed　of　O．1　mm／sec．　Films　were　dried　at80。C　fbr　15　min　and　heat−treated　at　400。C　f6r　l　hour　a負er　each　coating　The　process　was　repeated　5dmes　Imdβnally　the∬�qs　were　amealed　at　400，600　and　800。C，resp�tdvely，　fbr　6　hours，　at　a。・n・伽thead・g・at・・f　5．C樋・・艶・d・圃・gf血…1・・1・ti・・p・ep訂・ti・n血d血・曲f丑mdeposition　are　elucidated　in　the　flow　chart　diagram　of　Fig．2．1．2．2．2Cl吃αroc∫8ア‘zoだ。η　　　　　　Crystal　stnlcture，　groWth　and　crystallinity　of　various．　phases　of　these　films　were　studied　byX−ray　d亜ac亘・n（Rig血・R血t−1100）・・i・g　C・Kα・adi・d・n（1．5406　A）お�pX一・ay・・u・ce�od・t・scanning　rate　of　1。　min’1．　Thic�qess　measurement　and．．surface　morphology　s加dy　of　the飢ms　wered・n・by・�t翻・g・lectr・n　mi・…c・P・（耳itach　S−5000）・　　　　　　　Qpti�pP・・P・質i…fth・且lm5　h・v・圃．・t・di・d・・i・g・pect…c・pi・．・ilip・・m・t鯉，UV」visible　sp�ttroscopy　and　photolumhlescence　sp�ttroscopy．　The　measurements　of　spectroscopic・llip・・m・t琢h・v・been・�q・d・ut細・n創・・fi・・id・n…f7げimhr　w・v・16・導h・�p9・・f　260−830nm．　The　optical　properties　of　thin伍ms　were　fitted　direbtly　to　measured　sp�ttroscopic　e皿ipsometry（△・Ψ）d・伽・血9・lassi・咽i・p・・ri・n鱒μ1乱PL　measuf・m・nt・w・・e　c狙i・d　out　at「oom�odliquid　nitrogen　temperatUre　using　325　n孟He℃d　lasef　source．　　　　　　　Conductivity　study　has　been　ba�ued　out　fbr　the　films　deposited　on　both　ITO　coated　glass　and血・ed　q・肛t・・ub・t・at…Sil…p麗t・h・・been　u・ed．・t・嘩・・h�uc　c・ntac偲・n　b・th　TiO・�od　ITO・u・f・�t・F丑m・肛・�p・・副・di・H、　atm・・ph・・eund・r・“i丘・・b・t．t・血P・伽・ec・・di糠・n・�pdb・th　d訂k、and　photo−conductivity　have　been　invcstigated　by　using　a　solar　simulator　at　l　sun　AMO　conditions．一282rC枷P朋R2・T∫q功加ノΣ1〃35わツ301−8θ14な）一co4伽8・．．．2．3Results　and　discussion2．3．15〃・配。伽7α12．3．1．12【』r復ソ彫。α’oη　　　　　　　XRD　pattems　of　T℃2　thh1伍ms，　deposited　on　quar嘱sapphhe．　and　sihcon　substrates，　bothas−deposited　and　annealed（800。C，6h），　are　shown　hl　Fig．2．2．　The　f氾ms　deposited　on　d置fbrentsubst「ater・unde「s�oe　co繭t’ons　show　d温e「ent　st「ud蜘・P・1戸…�h・お一d・鈴・’t曲・・nsapphire　and　s丑icon　substrates　are　polycrysta皿hle，　single　phase，　anatase（A）type，　while　that　on　quartz・ub・t・at・肛・�o・・ph・u・，　m・y　b・d・・t・th・鋤・・ph・u・nat・・e・fth・q・漉・ub・t・at・whi・h�qibiおcrystallization　pro�tss．　A丘er　annealing　the　samples　at　800。C　fbr　6　h，　the　f董ms　on　quartz　and　sapphiresubstrates．are．transfbrmedlcompletely　into　rutne（R）phase．while　that　on．　the　Si　subst士ate　is　hi窪hly�patasetype輌thsimult�peousp「esence　ofsm訓lmtil・ph・・e（Fig・2・2・P・tt・m・a1・b即・．）・恥i・・xp1細rd血町・飴”・牌▽・y・乃・αy・厨・・m・…e・fSi・wki・hi・cu与i…e�S・・h…血r舳丘・n・f�o・伽・phお・t・・udle　at　high・・t・mp・伽・e　wh丑・th・t・f・叩phi，亀whi。h．i、諭，麗出。t。f血t皿、phお・・mO、（・・t・ag・n組），飴・・rs・h・飴m・藪・n・f・u・皿・phase　a・hi帥・ゆ6・a加・αH・w・v・・q・飢・su垂唐煤Eat・・d・・t・iお�o・Φh・u・n・t・・e・P・・b・bly　d・・5．耳・t　h肝曲y・価�tt・n�p脚・・醐・ph器・艶n・・ti6・・Fnm・．閨E・ut簸・6・q・肛tz　at　800．d　with　p…町・t曲ity，・vid・nced　by　th・w・盆X一町peak　i・t・耳・itir・（Fig・2・2・P・tt・m　a駐）岬y　bゆ・t・th・御・・ph・u・n・t・・e・fth・・ub・t・at・・　　　　　　　　n6「esu’tS廿omXRDpaltl弊・f田’th・・amp’蜘・i・・d・ゆee廼τ・n・・ub…a…und・・．雌・・号・t　d・p・・iti・n．6・血面ti・n・，「訂・・umm・血・d血Tめ1・2．i．　T曲i・2．1・ev・皿，　th、茸�q、紅。P・ly・fy・t曲・，・n・t飽・取P・undl　600．C皿・・曲g　t・mp・・a加・e飴・訓l　th・・ub・甘・t6，，、b。v，　whi。h（8・qPC）舳・…tn…a�u・加・e・f岨・d・p・・血9・n・・ρr町・・…P・9・aphy・・u士・b・emd・ni・�q昭「eementwitぬth・t　r・p・士t・d　by　h�p・砿【20］・wh・・e　th・y・ep・・t磁．血・t・・1−9・1　d・・i・・d　TiO，面・m血・訂・�p・t・・etyp・｛m亘1600．C・m・瓠i・gt・mp・・at・・e�pd・mi療h・e・f／VR　i・th・t・mp。，at皿。range　600−9000C．一283一CHAP】rER　2．　Tε（≧孟伽ガ1〃25わy　501−8ε1ゆ一coα伽8…as−deposite（1　ゴ6）診’1万ノ⊂�@　⊆一、A（101）a噸R（110）益コのδ8と　b　　　　　　　石　　C　　ぼ800。C　6　h　　　　　，　　　　　　含　　　　　　呈δ8と幽冥嗣禰繭　　　三2030　　　4020（degree）5060Fig．2．2　XRD　pattems　of　as−deposited　and　amealed（800。C，6h）TiO2　t�qfilms，　deposited　on　　　quartz（a，　a，），　saPphire（b，　b。）and　snicon（c，　c曾）substrates，　by　sol−gel　process・　　　　　　　　　　　　　　　　一284一C猛4PlE1〜2・T‘（≧訪加1診1〃2∫ウy　501−8θ1頃ρ一coα琵η8．．．TABLE　2．1：Summary　of　XRD　results紬neali・g　S・b・t・at・bonditionQuartzSapphireSiliconAs−depositedamorphous’AA400。C，6hA／・mg・ph・u・A．A600。C，6hAAA800。C，6hRRA（90．7％）／R（9．3％）（A：Anatase；R：Rutile）　の86豊垂垂0．0．70．60．50．40．30．2一日一Silicon　Substrate−e−SapPhire　SubstrateAs−deposited　　　　400　　　　　　　600Annealing　Temperature（。C）800　　Fig．2．3　Alplot　of　FWHM　of　the　100％X−ray．peak　corresponding　to　A（101）／R（110）plane　of　the　　　　　　as−deposited　and　diffbrent　temperature　annealed　TiO2　thinfilms，　deposited　on　sihcon　　　　　　　　　　　　　　　　　　　　　　　and　sapphire　substrates，　respectively．　　　　　　Full　width　at　half　maximum（FWHM）of　the　X−ray　peak　intensity（Fig。2。3），　corresponding　to100％A（101）／R（110）pl�p・・f　TiO・∬�q・・h闘bee・鉛und　t・面・麗・with血・・e絡・�q�o・・証・gtemperature　fbr　all　the　substrates，　with　that　for　sapphire　substrate　being　smallest　fbr　a皿depositionconditions，　indicating　better　crystallinity　of　the　fnms　on　sapphire　substrate　compared　to　others．一285一C猛4PlER　2・T’q漉∫ηノ葦1〃25ρy　501。8θ1頃ρ一coαガη8．．．2．3．1．25Fαzηπ∫ηg　8Z8cか。η〃3∫cro・∫α辺ッ　　　　　　　晦「e2・4　shows　thrSEM　su血ce　moΦholo留of噴0・止i・伽・deposlted　on　Si　sgbst「就e・mne面白雌e「ent　tempe�S「�t・乃・・e　mi…9・aph・・e・・組・�p・一αy・曲…・一P…u・r杜uc加・e・fth・且1m・輌th・騨撮・i・・町血9廿・m　8−10磁tg　50−150血・距9・d・p・・di・g・p・n・m・訓i・gtemperature．　Th6　increase　in　par藪cle　3ize　with　increase　in　anneahng　temperature　is　hl　consistent　withXRD　results　where　we　observed　d�trease　in　FWHM　with　annea�qg　temperature．　While　at　lowmne組ing　tempera加re，　the　particles　are　essend組ly　of　u曲�osize，紬igh　anne曲g・tempera加reevolution　of　partides　of　di任erent　size　and　shape　with　dear　crystal　facets．@can　be　observed．　This　maybe　due　to　the　fact　that　at　high．temperature　transfb�pation　of　anatase　phase　to　rutile　takes　place，　asobserved　by　the　XRD　pattern（Fig．2．2，　pattem　c曹）which　shows　the　presence　of　rutile　phase　as　wenalong　with　that　of　anatase，　and　results　in　crystallites　of　noP−unifbrm　size　and　shape．2．3．20pだ。μ12・3・2・15Pεc’ro∫α4）’c　8〃なλ∫o〃3《ヲ疏yω7乃θorθ‘’Cα1　COη∫∫4θ7砺0η5　　　　　　　瓢・m・孕・μ・em・・t・・f・pec・…c・pic　ellipS・m・t舳昂y・．．戸信・n・�q・d・u面・th・・amp1・・deposited　on　Si　substrates　at　an　angle　of　incidence　of　70。　in　the　wavelength　rangβof　260〜830　nm．He「ea食e「theお一depo・it・d�p吻・烈・d（400・600�pd8q9．g・�opi・・willb6・e飴π・d・・ass�opl・・1through　4，　resp�ttively．　The　optical　cons�q総of　thh1丘�qs　were　c組culated　assumhlg　a　structure　ofTiO／S’飴・th6’・w　t・mp・・a加舳・・司・dl�qpl・3（samples　1，2諭d　3）蝕dT量・調i・櫛・’血・high・t・mp・・a血・e�p・・田・d・�oP1・（・罎pl・．4）．　D・伽・ed飴・Si　w・・e　t歌・n廿・m　lit・・at・・e［2i］．　Clお・i・誕di・p・・si・n飴・m・1・w麗・・ed鉛曲・姻y・i・．　S・�uace・・ugh・むSS，　whi・h　i・u・u副1y面・面・・磁b・・lhp・・m・td・d・t・・mi・・丘…f・⇒翻。・n・tぬ・・f・xid・血i・mm・by認・um沁9・・ep・・at・th血1・y・・・hth・・u�u・b・［22−24］，　i・n・t・…id・・ed飴・．狽?・�p組y・e・・f・u・丘�q・．　S血ce・ur　s・1」9・1　d・・i・面Ti傷・踊1m謡・p…u・飢d　th・p・・e・a・p・e・ent・・t　6・ly・n　th・・u血ce　b・t訂・d・tdb。・・d　mi舳1y一286一C盟）1ER　2・T∫q訪∫η1葦1〃2∫ρy　501−8ε1φρ一coα伽8…6000C6h『ig・2・4　S寧M・・ゆr・m・・ph・1・留・f咀0・t圃lms　de即sitゆn　Si　subst「ate�od�oe田ed証　　　　　　　　　　　　　　　　　　　　　　　　　　dif飴rent　temperatures．一287一CHAPTER　2．71∫q〃3∫ηノΣ1〃z∫わツ501一望14ψ一cρα∫∫η8P…　．　　　　　　　　　・　．．　　　．’訓・ngth・th’・�qess・f高抽紫qs・．血6s卯。加「egfゆs．�S．ons’de「edtobecons’s亘ngofone・i・g助…F・・出…n・血・6・忌．．m甲・・軍．i・．．・h・s・．艪撃堰E田．・・醐嘘・f．th・丘�q・鍵・u・u』ydete�oined　from　the�qown　bu琴d翫a　and　void．fracdon・．聾鋤g　an　ef6�t耳ve　medium　theory［25】・H・w・v・・，th・・e訂・p・acti・組．di缶・ulti・串ass・ci・t・d蜘噸・u・e丘�tt魚・圃・m　m・d・ls　su・h麗�q・噸gthe　exac止・ptl・訓・・n麟・f血・b・止m塾t・・i訓・．�q・wl・兜・6f血・・セ・�pd・h・p・・f　th・grains　etc．，　and　these　are　well　described　in　Re£26．　Therefbre，　theSρmodels　are　not　used　fbr　thecalculation　of　optical　constan1憾of　our　fi�q1s．　Instead，　only　the・pseudo（effective）optical　constamts　of血・且�qsre・ult血9血th・b・・t舳・帥eeh．出e　exp・・i血・n屈・：蹴d　6組醐・d　d航・冴・d・t・m・血・d．価・且�qsare　also　considered　to　be　homogeneous　with　no　grad垂�rin．血ρdensity．　These　assump廿ons　arejusdfied　as　good　fit　is　obtahled　be伽een　the　exper�qen伽and　calculated　data，　as　discussed　hl　thefbllowing　sections．例F∫伽8ση�S・∫5．　　　　　　　乃・・pect…。・pic　ellip・・m・tワmea・肛・m・nt・訂・、・顧・d側．魚・．狙鉛皿説皿pl・・th・t訂・deposited　on　Si　substr舐e　and　Imnealed航．d置fbrent◎ohdidons．．Ih．ofderめobtain　the　thic�qess　andop廿cal　constants　of　TiO2r伽simultan◎ously，　the　optical　pr叩e戯es　of　TiO2　were　fitted　by　using　thefbllowing　classical　d童spersion　fbrmula　　　　　　　　　　　　　　　　　　　　　　　　　・一・包・ω塾畿・．毒．、wh・・eε』・ep・esent・血・high一鋼uencyの・1�ttd・．・・n・蝋・訴．邸面・出・1�t頃。　c・n・t鴫ω，　th・丘equency　and　ro　the　damping　factor　of　the　oscillator，ωρthe丘equency　correlated　to　the　plasma　term，and　rD　the　conn�tted　damping　factor．　Simulated　a血d　expe血nental．data　were　analyzed　by　a　Levenberg−M訂qu肛dt�un�q伽d・n・・ゆ・［27】based・耳・・mp訂i・・n・f出・d血．with血・m・d・b曲・・tf・・t・・eusing　the　error　fUnctionδ：　　　　　　　　　　　　　　　　δ・一2是M£［（・�p帆血Ψ即）2＋（。・・△副一。・・贋）う　　　　　　　　　　　　　　　　　　　　　　　　　　　　‘wkere　2V　is　the　number　of　measuredΨand△pah・s　and　M誌the紋）tal　number　of　real　valued　fit　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−288一Cl砿41）盟1〜2・T’（≧疏’ηノ【諺1〃2∫〃ソ∫01−8θ14ゆ一coαπη8．．．parameters・　　　　　　For　samples　1−3，0ne　Iayer　model（TiO／Si）was　used　to　fit　the　calculated　data　with　themeasured　data．　No　interfacial　layer　that　might　develop　between　the　TiO2　thi面�qand　Si　substrate　wasassumed　for　the　fitting。　H　owever，　fbr　sample　4，　which　was　annealed　at　higher　temperature（800℃），an　interfacial　layer　of　SiO2　has　been　considered　to　obta�qasatisfactory　fit．　Cross−s�ttional　view　bySEM　micrographs　fbr　samples　l　to　3　show　no　det�ttable　interfacial　layer　and　a　typical　micrograph　ofTio2Si　Subs．．，I　Tio・Sio2　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　300nmFig．2．5　Cross−sectional　scan�ung　el�ttron　micrographs　of　nano−crystalline　TiO2　thin　filmS，　deposited　　　　　　　　　　　　　　　　　　　　　　　on　Si　substrate：（a）sample　3，（b）sample　4．sample　3　is　shown　hl　Fig．2．5a．　However，　coincidently　sample　4（Fig．2．5b）does　show　an血terfaciallayer　almos幡thick　as　the　TiO2β�qand　agr�twith　our　thoofetical　assump亘on　of　this　layer　used　toget　a　good　fit．　The　interfacial　SiO21ayer　wouId　have　fomled　during　the　high　temperature　annea�qg　innomlal　atmosphere．　The負tdng　results　of　measured△andΨsp�ttra　are　shown　h1　Fig．2．6（a−d）．　The即aphs　show　an　excellent　5t飴r曲he　samples，　in　the　wavelen帥rmge　350−830�o．　The　deviadonof　the　fit　ffom　the　experimental　data　above　3．5　eV　may　be　due　to　the　interband　transitions．　　　　　　The　thic�qess　and　coefほcients　of　d働ent　measurements　an面廿ings　are　listed　hl　Table　2．2．一289一C猛4PTER　2．　T’q訪加ガ1粥5〃y　501−8θ1φρ一coα伽8…　　300　　250．　82006Φ℃150　＜　　100　　　50’噌．．ダ警　　撃　．瀦攣．ド攣畠朔、諺60　　　　　　　　30050　　　　　　　　250　　　　　　バ40＄　8200　　」　　　　L■　　σ｝　0　　9915030高著　　　　　　　　10020　　　　　　　　　50（a）　ΦΦ　ゆΦε＜30025020015010050　　0．（c》400　　600．λ（nm）800400　　600λ（nm）50ノレ転．鹸．・6080050　　　408　　　δ　　930芦2040　　奮3・響　　藁20（b》400　　600λ（nm）800　　　300　　　250宙20020Φ　150旧く　　　100　　　　50　　　　0＠ヒ．←�`、御80010080　　　　608　　　5　　　940夢20400　　600λ（nm）Fig．2．6△andΨ，　measured（dotted　lines）and　fitted（solid　lines），　sp�ttra　of　nano−crystalline　TiO2　　　　　　　thin　fiIms，　deposited　on　Si　substrate：graphs（a）to（d）represent　samples．1to　4．　　　　　The　thic�qess　and　coe箭cients　of　dif飴rent　measurements　Imd且ttings　are　Iisted　in　Table　2．2．Gradual　d�trease　in血e血ic�qess　with　in（オeasing血nealhlg　temperature　is　observed，　may　be　due　toincreased　packing　density　of　the且�qs　as田so　evidenced　by舘M　cross−s�ttional　micrographs（Fig．2．5）which　show　the　800。C　temperature　annealed　s　ample　to　be　more　densely　packed　with　less　voidsthan　the　600。C　temperature　annealed　sample．　Furthe�oore，　similar　conclusions　were　also　derived　by　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−290一C鯉EIR　2．　Tκ≧〃置’ηノ諺1〃23ケソ301−8ε14ψ一coαπη8…　∈ε総2董痒18016014012010080oOThic�qess丘om　ellipSometry→←Thic�qess丘om　SEMAs−deposited　　400　　500　　600700　800Annealing　Temperature（。C）　　　　　　Fig．2．7．　Plot　of　thic�qess　vs．　Imne湿ing　temperature　fbr　nano−crystalline　TiO2　thi面1ms，　　　　　　　　　　　　　　　deposited　on　Si　Substrates，　amealed　at　diffbrent　temperatures．Vorotilovε∫α乙［28］fbr　501−gel　derived　TiO2　thin　films．　Figure　2．7　shows　the　pictorial　representationof　gradual　decrease　in且1m　thic�qess　with　increasing　amealing　temperature．　Film　thic�qesses　obtainedfbr　both　TiO2．and　SiO21ayers　by　sp�ttroscopic　elhpsometry　are　in　good　agreement　with　SEMcross−sectional　thic�qess　measurements．　　　　．The　high−fヒequency　diel�ttric　cQnstant，ε包，is　hl　the　range　of　2．51−3．44　and　increases　withincreasing　anneahng　temperature．　The　values　ofωp．fbund　are　between　O．41　and　O．70　eV．　Theplasma　ffequencyωp　represents　the　oscillation　of　f�eee　e1�ttrons　in　the　conducUon　band　of．TiO2．　To　　　　．’．our　knowledge・these　are　the　fh’st　reported　results　on　the　value　ofωp　fbr　nanQ−crystalhne　TiO2　thh1痘�q，Imd　we　compare　our　resu1幅with　those　ob面ned　fbr　indium　tin　oxideσTO）丘�qs（b伽�tn．0．68and　O．90　eV）by．Gerfinθ∫躍．［23］to　explain　in　the　fbllowhlg　way．　V』ues　ofωp．obtained　fbr　our　TiO2且�qs訂eloss　th｛m　those　Qb頗ned．fbr　ITO且�qs　by　Ger丘nε∫認一Shlce　ITO　is　a．cbnduc廿ve　oxide　withhigh　concentration　Qf　conduc亘on　electrons．．and　TiQ2js　a　semiconductor　with　high　resistivity；．smallervalue　ofωp，i．　e．，　sma皿er　carrier　concentration　fbr　TiO2　is　in　a�tordan�twith　what　is　exp�tted．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一291一C崩PIER　2．1「’（≧訪’ηノ諺1〃15　Zツ501−8ε14ψ一coα琵η8P・…艶・pl麗m・魯・q・・n・yω。．is　re1・t・d　t・the　elect・・n・面・・c・ncent・ati・n　by【29】・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　πθ2　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ω　　＝　　　　　　事　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　P　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ε077zwhereηis　the　el�ttron　carrier　concentration，θis　the　el�ttronic　charge，ε。　is　the　permittivity　of　ffeespace｛md粥零is　eff�tUve　e1�t症on　mass．　We　presume　that　our　as−deposited　TiO2　f皿ms田eη一type　withca1�uer　concentration　originating　ffom　non−stoichiometry　or　oxygen　vacancies　which　can　be　desCribedTable　2．2．　Fnm　thic�qesses，　coefHcients　of　the　classical（五spersion艶rmula　and　the　error血nction　　　　　　fbr　the　fbur　samples，　obtained　by　fitting　SE　data　measured　at　an　incidence　angle　of　70。．Samp藍e　No．Thic�qess　ofsio2（nm）Thic�qess　ofrio2（nm）ε’@ooε5ω，ieV）ro（eV）ωPieV）rDieV）δ1155．20年・513．514．340．150．412．730．052152．602．663．484．260．100．432．130．043136．203．184．03．960．140．631．130，1234112．5142．93．445．224．220．200．700．420，284as　Ti餅一V』一Ti�`cc・・d・g　t・．G・・d・n・ugh［18］．　P・e・ence・fTi�`p�ties血・u・s・1−9・l　d・・i・磁咀02thin　f韮ms　is　confirmed　by　X−ray　photoel�ttron　sp�ttroscopy（XPS）measurement．　As　also　can　beseen　fセom　table　2．2　that　damping　factor　rD，　related　with　tbe　plasma　osciHation，　d�treases　gradually食om　sample　l　b　sample　3　and　fbr　sample　4　it　d�treases　b　a　very　low　value．　We　beheve　that　since且賃血9翻ys艪島ople　4血volves　m・・e　p鍵�o・t・・s　b�t鋤・e・fth・p・e・en�t・f・x甘・SiO・1町・…h・value　obtained　fbr　rD　is　much　deviated丘om　its　tnle　value　and　should　be　regarded　as　a　mathematicalentity　only．　　　　　The（ρmputed　re廿ac伽e　index（η）Imd　exdncUon　coef且cient�茎p�ttra　of　the且�qs　toge血er訂eshown　in　Fig．2．8．　There．is　a　gfadual　h1αease　in　the　reffactive　hldex　as‘．the　as−deposited　sa血ples　areannealed　at　higher　temperatures（up　to　600。C）．　and　at　a　much　more　elevated　temperature（800。C），　a一型92一C崩P】昭R2．7’q疏功ノ乞1〃25わy　501−8ε14ψ一coα’加8P．．．3．63．43．23．02．82。62．42．22。0’’’’’’、、、’、　　　　　　　Sample　4、、　、　　　、　　　　、　　　　　、　、、　　　　　　　　　、　、　　隔　、　　　　　　　　　　　　　　軸Sample　3　　Sample　2　　　Sample　1舳　　隔　　魅�`一一一一一一＿＿一＿＿＿　　　1．6　　　1．4　　　1．2　　　1．0逗　　　0．8　　　0．6　　　0．4　　　0．2　　　0．0／Sample4（800．C）　　　　　　　　　　　　Sample　3（600。C）　　　　　　　　　　　Sample　2（400。C）　　　　　　　　　　　Sample　1（as　deposited）　　　　　　　　　　　　　　　　300　　　　400　　　　500　　　　600　　　　700　　　　800　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　λ（nm）日g．2．8Refゴactivc　indexη（top）and　extinction　coe笛cientκ（bottom）spectra　of　nano−crystalline　　　　TiO2　thin　films，　deposited　on　Si　substrates．　The　dashed　line　shows　the　reffactive　index　　　　　　　spectrum　of　electron　beam　evaporated　TiO2　films　on　fused　quartz，　by　Kim［25】．一293一C猛4P皿ヨ1〜2・T’ql痂πノ葦1〃25〃y501−8ε14ψ一coα距π8…sharp　increase　in　the　re」丘active　index　is　observed（Fig．2．8，　toP）．　This　increase　in　re丘active　index　with2mnealing　temperature　is　attributed　to　the　increase　in　pac�qg　density　and　crystallinity　of　the　fi�qswhich　are　also　evident　ffom　the　XRD　pattems（Fig．2．2）and　SEM　micrographs（Fig．2．5）．　　　　　　　Furthemlore，　sharp　increase　inηabove　60Q。C　may　be　due　to　the　enhanced　crystallinity　of　theTlO2∬�qs，　evidenced　by血e　h1�nense　sh〜q）X−ray　peak　at　this　el（即ated　temper翫ure（XRD　pattern　c1，Fig。2．2）as　compared　to　those　anhealed　at　lower　temperatures．　These　results　are　in　very　goodagreement　with　those　by　Suhailε’認．［30］，　fbr　magnetron　sputterred　TiO2　thin　fnms，　where　theyreported　sim藍ar　increase　in　the　ref士active　index　with　increasing　annealing　temperature　and　a　sharp血creas　e　above　600。C．　Our　as−deposited　s　ample（sample　1）shows　a　ref士active�qdex　of　1．97　at　500nm　which　has　increased　to　2．44　fbr　the　sample　annealed　at　800。C（sample　4）．　These　values　are　hlclose　agreement　with　those　reported　by　others［26，27，31］．　　　　　　For　dir�tt　comparison　purpose，　refセactive　index　spectnlm　of　el�ttron　beam　evaporated　TiO2thin　f皿ms，　deposited　on　fUsed　quartz　substrate，　by　Kim［22］，　is　shown　by　the　dashed　Hne　in　Fig．2．8along　with　the　re丘acUve　index　sp�ttra　of　our丘�q3．　This　sp�ttrum　closely　matches　with　the　sp�ttrum・fth・high　t・mp・・a加・e�o・・田・d・�opl・（・�oP1・4）．：』・お一4・p・・it・d（・蜘1・1）md　l・w　tρmp・・al・・eannealed（samples　2　and　3）samples　have　a　Iower　value　ofηthan　th葺t　fbr　el�ttron　beam　evaporatedTiO2　thin　f皿m．　We　believe　that　this　is　due　to山e　Iow　fn甲density　and　high　percサntage　of　void　of　thesefilms　which　are　common　characteristics　fbr　sol−gel　derived　fiIms．｝｛oWever，　there　is　a　gradual　increase盛�qpac短・g　d・n・ity・・…eq・・ntl脚i…ease　i・血・・e丘ac亘・・i・d・x・絡、th岬m・訂・・nn・誕・d・thigher　temperatures．　　　　　　　The　exdnction　coef5cient�戟D　sp�ttra　of　our且�qs（Fig．2．8，　botめm）resemble　that　repo丘edby　Memarzadehθ∫α1｛26］fbr　magnetron　spu賃ered　TiO2　thin　f皿ms　on　glass　substrate．　Measurement　ofんlwh・・e　ab…pU・n　i・v・・y・風i・n・t…y・�t心・at・with・p¢t…c・pic　elhp・・m・t・y．　H・w・v・・，within　the　a�turacy　hmiちthe霧sp�ttra　do　not　show　ally　significant　absorption　in　the　wavelengthregion　lower　than　the　band　gap　energy　of　anatase　fbrm　of　TiO2（3．2eV）．　strong　absorption　above　theband　gap　energy　together　with　the　sharp　peaks　in　theηsp�ttra　show　good　cryst瓠Hnity　of　the　fUms．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一294一C舩P盟1〜2．T’（≧訪‘π1葦1〃25耽ソ∫01−8ε14�i一coα琵πg…The　onset　of　the　increase　in　theゐvalues　at　aτound　380　nm　is　due　to　the　indir�tt　transition　fbllowed　byamixture　of　dh’�tt　and　indir�tt　transitions　at　lower　wavelength，　i．e．，　higher　eneτgy　region．2．3．2．2σV：一vな∫わZε、Ψεcか’05c（狽ッ　　　　　　　Fig・・e　2・9・h・w・th・舳・�ut�qce（t・P）鋤d・en�tt�oceΦ・tt・m）・p解t・a・f　bothas−deposited　and　annealed　TiO2　thin　fnms，　deposited　on　quartz　substrate．　A皿the　transmit�qce　sp�ttrashow　a　sharp　decrease　in　the　tra�oittance　at霞ound　390−410�o（3．18−3．02　eV）ofli帥t　wavelength，matching　with　thp　band　edge　of　anatase（3．2　eV）and　rutile（3．05　eV）phase　of　TiO2．　Refl�ttancesp�ttra（Fig．2．9，　bottom）show　an　increas　e　hl　refl�ttance　while　the　transmittance　sp�ttra　show　a．d�trease　in　transmittance　with　increasing　annealing　temperature．　This　d�trease　in　transmittan�tispartly　due　to　higher　refl�ttance　and　partly　due　t（）higher　absorption　at　highef　anneahng　temperature，　asis　obscrved　with　our　SE　results　which　shows　increase　in　bothηandたwith　annealing　temperature．　　　　　　　To　have　an　estimate　of　the　optical　energy　gap，　absorption　coefficient（α）of　the　f皿ms，　near　theabsorption　edge，　were　calculated　ffom　the　transmittance（1）alld　refl�ttance（R）data　using　the・impl迂i瓠・el・U・n　r・（1−R）e一α《wh・・e　4　i・th・thi・�qess・fth・mm・．噛・血t・・cept・f血・伽9・nt　t・th・（αh．）v2・・．　h．　pl・t，　wh・・e　h．　i・止・ph・t・n・n・・gy，　wi皿give血・・dm・t・・f血・・pU・田9・penergy　of　of　a　polycrysta皿ine　materia1．　Plots　of　both（αhv）y2　v8。　hv　are　drawn　fbr　the　annealed且�qs2md貫e　shown　in　Fig．2．10．　Qp廿cal　gap　energies　ob面ned　fbr　amorphous　Ti（ろ（3．25　ev）isslightly　higher　than　that　of　crysta皿hle　Tio20f　anatase　mo岬cation（3．15　eV）and　are　in　doseagreement　with　those　reported　ill　the　literature［32］．　However，　fbr　rutile　modification　of．TiO勿whichis�qown　to　have　Im　optic訓gap　of．around　3　eY［＄2］，　no　hnear　rel飢ionship　has　b�tn　ob頗ned　in　the（αhv）y2　v∫．　hv　p董ot　f6r　our　sample．　This　may　be　due　to　fbrmation　of　some　def�tt　sites　causingsubband　gap　absorption　andわr．scatterhlg　（coherent）of　hght　by　relatively　larger　particles　of　thissamplp　as　can　be　seen　ffom　the　SEM　micrographs　of　Fig．2．4．一295一C猛4PIE1〜2．　Tκ≧訪’ηノΣ1〃25ρy　501−8814ψ一coα∫∫π9…0．88自。・6．誓湧§o・40．25213412345葺誰灘d600。C，6h．800。C，6hQuartz　Subs．0．350．30　　0．258器60．20ゆ需笛0．150．100．05400600　　　　　　800Wavelength（nm）1000Fig．2．9　Transmittance（top）and　reflectance（bottom）spectra　of　TiO2　thin査1ms　deposited　on　　　　　　　　　　　　fused　quartz　substrate，　annealed　at　diffbrent　temperatures．一296一CHAP皿R　2．τ「’q訪加ノ彦1〃33ケソ∫01−8ε14ψ一coα琵〃8．．・1ミツ已8鳶〉ΦN「亀奇　〉＝ご）1000800600400200（b》○□△400。C，6h．600。C，6h800。C，6h　　　　　　　△　　　　　△△　　　△△　△△蛤△△△△△△△△○口O　　　　　　　　　　　　　　　　　　　　　　　　　　2．0　　　　　2．’5　　　　　3．0　　　　　3．5　　　　　4．O　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Photon　Energy　hv，　eV　　　　Fig．2．10　Plots　of（αhv）v2　v3．　hv　of　TiO2　thin　films　deposited　on　f画sed　quartz　substrate　under　　　　　　　　　　different　temperature　conditions　fbr　the　detemlination　of　optical　ene竃gy　gap．2．3．2．3」P乃。‘o伽〃3∫ηε∫c8ηc8、Ψ8c〃・（冶cρρツ　　　　　　Photoluminescence　sp�ttra　of　the　films　were　recorded　at　diffbrent　measurement　temperaturesusing　a　325　nm　H　e−Cd　laser　sour�t．　An　intense　yellowish　green　photoluminescence　is　observed　in　thevisible　region　with　wide　sp�ttral　width　which　is　fbund　to　increase　hl　hltensity　fbr　higher　temperatureannealed　samples．　Figure　2．13　shows　the　room　temperature（RT）PL　sp�ttrum　of　pure　anatase　TiO2thin　film　deposited　on　Si　substrate　at　600℃．This　sp�ttrum　resembles　the　luminescence　sp�ttrum　ofboth　single　and　polycrystalline　TiO2　reported　by　others［33，34］．　The　large　dif飴rence　between　t虹e　bandgap　energy（飼3．15　eV）and　the　emission　peak　energy（2．48　eV），　which　is　around　O．67　eV，　is　describedas　t耳e　Stokes　shiftαue　to　the　Frank−Condon　e価�tt　The　small　peak　at　3．06　eV；which　is　doser　to　theTiO2　band　gap　energy，　may　be　due　to　the　near　band　gap　emission．　In　the　inset　of　Fig．2．13　are　shown一297一（�oPIER　2．　Tε（≧酌加ノ葦1〃2∫Zッ501−8ε14ψ一coα琵π8。・・0．70．6言芭〉、0．5・崩器丁零。・40．3TiO2600℃RT　　80言色60言、。蚕≡2・α’@04．20K770KRT400　　　　　500　　　　　600　　　Wavelength（nm）　　　　　　　　　0．2　　　　　　　　　　　　2．0　　　　2．2　　　　2．4　　　　2．（5　　　2．8　　　　3．0　　　　3．2　　　　3．4　　　　　　　　　　　　　　　　　　　　　　　　　　　Photon　Energy（eV）Fig．2．11　R。。m・、mp、，at。，e　PL、p�tt，a。fp。，e咀0、t屈面m，　d・仰・i・・d・n　Si・ub・t・a・・，航600．C，by　sol−gel　process．　Inset　shows　PL　sp�ttra　of　the　same　sample，　measured　at　diffbrent　temperatures．th・PL・p�tt・a．・fthe　sam・丘�qm・麗・・ed・t　4．2　K，77　K鋤d　RT趣・励・・�t面・血thi・且9・・e，・tvery　low　temperature（4．2　K），　the　sp�ttrum　is　relatively　sharp　and　smo6th，　while　at　highertemperatures　the　band　b�tomes　broad　and　the　band　peak　shifts　towards　higher　energies．　The　peak・n・士gi・・一・ed・・4・2　K・77　K即d　RT訂・2・4・・V　2・43・eV�od字・46・替・e・p�t・iY・ly・．鋤d・h・total　shi丘is　O．05　eV．2．3．3E1εcか・∫cα123．三1C・η伽’吻∫吻αη4φ8c雌瓦伽εα伽9　　　　　　TiO2　is　a　wide　band　gap　semiconductor　with　very　low　conductivity．　However，　nano−porednanocrystal血ne　TiO2　fUms　are　expected　t6　have　much　higher　resistivity　b�tause　of　large　number　of　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　『398一CHApZE1〜2．　Tκ≧醜加1諺’〃2∫わy　501−8814ψ一co傷‘π8…卿・it・・孤d　p・t・n劇b血・i・翻th・g・血b・・nd面・・．　F・・c・nd・・dvity　m・お・・em・nちmm・w・・ed6P・・it・db・b・thlTO。・田・dgl麗・皿df・・edq・漉・ub・t�梶C．�pd�o・訓・d飢600．Cb・1hwhi・hyields．　crysta皿hle　anatse　TiO2．　Ohmic◎ontact　on　the　TiO2　f皿m　was　made　with　si】ver　paste。∬一γ・h訂act・翻・・m・麗・・ed・h・w・d　p・�ub・t・�qc　n・蝕・e・ξth・・丑…。・�閣　with　TiO・5�q・conducdvity　study　shows血at　conduc嘘vity　across　the　5�q｛md記ong血e負�qsurface　are盆ound　lo緬and　10のiΩ一cm）辱1，　resp6ctively．　This　dh・�ttional　dependence　of　oonductivity　can　be　unders奴）od丘omthe　fact　that　the　nano−crys副ites　are　more　densely　packed　along　the　thic�qess　of血e丘�q．than　they　arealong　the　plane　of　the　f皿m　surface，　as　observed　ffom　the　SEM　cross−s�ttional（Fig．2．5）and　su�uace（Fig．2．4）mi（躍ographs，　which　resu1憾in　higher　conducmnce　along　the　thic�qess．　one　may　anticipatethat　while　measuring　the　conductivity　across　the　f�q，　silver　particles　ffom　the　e1�ttrode　may　penetrate血to　the　pore’of　nano−crysta皿血e　TiO2　and　falsely　show　the　increase　in　oonductiマity．　In　order　to　find・ut迂止・・e圃y・uch・飾�tち・・nd・・ti・i取ac・・ss　th・血w騨easu・ed鉛伽・且�qthi・�qesse・（・n・with　5．dmes−B・at・d・nd　th・・th・・with　10　times。・飢・d）・nd烈m・・t・am・・e・ult　w麗・b面・・d飴・bo血血e且�qs　which　shows　that　this　ef∬�tt　is　negligible　since　in　that　case血e　thimer且�qwould　haveshown　higher　conductivity　than　the　thicker　one．　　　　　　　Conductivity　of　TiO2　can　be　increased　by　redudng　i口n　vacuum，　or　in　H20r　C（）戸CO2atmosphere，　which　create　donor　Ievels　near　the　oonduction　band［35］．　The　reduction　is　characterizedby　the　loss　of　stoichiometry，　i．　e．，．TiO2＿。，　in　otheτ￥vords，　fbrmation　of　oxygen　vacancydescdb・d錺Ti3＋一％一T董3†［18］，　whi・h・�pd・n・…n…伽・・1�t仕・n・励・．。・nd・・d・n　b�pd・Previous　study　revealed　higher　rate　of　TiO2　reduc樋on　in　H2　a�q6sphere　which　has　been　explained　bythe　rapid　migration　of　a乏omic　hydrogen　into　the　bulk，　and　rapid　diffusion　of　OH　to　the　surface［36］．　Inefε�tt　oxygen　vacancies　diffuse　rapidly　hlto　the　buIk．　We　have　studied　the　ef6�tt　of　reduction　of　TiO2丘�qs，by　heat一αeating　hl　H2　atmosphere，　deposited　on　both　the　ITO　coated　glass即d　fUsed　quatzsubstrates．　The　color　of　the丘�qs　deposited　on　ITO　ooated　glass　subs杜ate　when　annealed　in　H2atmosphere　gradua皿y　changes　ffom　white　to　gray、奴）．dark　brown　with　annealing　time　and．theoonductivi取of　the　fnms　incrα遇es　gready．　However，血e且�qs　deposited　on　qu肛tz　substrate　remain　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−299一C猛4PlER　2．　T∫q助加17」〃25ρy　so’一8θ14ψ一coα∫功8…transparent　with　a　slight　increase　in　conductivityρven　aflcr　lh　of　H2　anneaHng．　It　is．believed　that　forth・�qs　d・p・・it。d・n　q・寵sub甜at・，・・me鰐gen・ut亜hsi・面qm血…bst・ate　i・t面・琴plac・compensating　the　oxygen　lost　durhlg　H2　anneahng．　Also，　the　e廷�tt　of　l｛2　anneaHng　on　thephotoconductivity　has　been　studied　and　is　shown　in　Fig．2．1．2．　　　　　　Upon　irradiatioh　with　a　solar　simulator　under　l　sun　AMO　conditions，　the　as　deposited　filmsreveal　photoconductivity　in　the　range　of　4−5　qrder　of　magnitude．　Both　the　datk　anζphoto。conduqtivity　　　　　　　　4x10−9　　　　　　　　　　　　　　　　　　　．　　　　　　　　　　　　　　8x10「．ス∈♀G　o診Σぢコで⊆oOモo12108642Unannealed600’7008006登　　　＆4豆　　　薯2書。14仁LH2　Annealing　Temp．（。C）　　Fig．2．12　Dafk（△）and　Photoconductivity（○）of　as　deposited　and　H2　annealed　TiO2　thin　films，　　　　　　　　　　　　　　　　　　　　　　　　　　deposited　on　fbsed　quartz　substrate．increases　upto　700。C　annealing　temperature　and　therea負er　the　photo−conductivity　d�treases　rapidlywi重h　a　simultanoous　d�treas　e　in　dark　conductivity．．The　increased　conductivity　at　elevated　temperature（upto　700。C）is　a就ributed　in　part　to　the　improvcd　crystallhlity，　as　observed　by　the　X−ray　di缶actionP翫t・m・・fth・丘�q・（Fig，2．13），�pd　i・p肛t−t・血・．fast…ed・・U…at・説high・・t・mp・加・e．However，　increase　h1．annoaling　temperature　above　700。C，　which　is　a　transition　temperature　ofanatase　phaseめrut丑e，　degrades　the　crysta皿h盛ty　as　can　be　seen　by血e　broadening　in　the　X−ray　peak　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−300一C棚1）7EIR　2・T’q〃Z’η1乞1〃2∫〃ソ∫01−8ε14功一coα琵π9．．．（コ　零　〉舘の⊆Φり⊆一OA（101）Ti92as−deposited600。C700。C800。C　　　　　　　　　　　　　　　　　　24　　　　　　　　25　　　　　　　　26　　　　　　　　27　　　　　　　　28　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2θ（degree）Fig・2・13　X−ray　di缶acti・n　p・tt・m・・f・・ゆ・it・d�pd　H、�o・田・d咀0，　th・五lm・d・即・it・d・n　　　　　　　　　　　　　　　　　　　　　　　　　　fhsed　quartz　substrate．（A：anatase）（Fig・2・13）・鋤d　th・・cau・e・b・th　th・血・k鋤d　ph・t・一。・nductMty　t・dec・ea、e．2．4（「x）nclusions　　　　　咀0・th血飢m・h・v・been　d・p・・it・d・n・血91e　c琢・t組・皿i・・n，・叩ph廿・md　f・・ed　q。韻。subst・at・・by・・1−9・l　dp−c・ati・g　m・th・d孤d・�o・国・d・t雌・ent　t・mp・・at・・e・。　Film・ゆ、it、dunder　s�o・。・・面d・n・n　di価・・ent・ub・t・ates　sh・w雌・・ent．・甘・・加・組P・・P・・U・・．　n・e麗一d・p・・it・d且�q・・n・apPh廿・�pd・鉦i・・n・ub・玩・t・・訂・p・1y・・y・佃H・・，�o・t麗・typ・，　wh丑・th・t・n血・q。餓。・ub・t・at・is　am・Φh・u・血・・t・・e・Up　t・600℃・nn・樋・g　t・mp・・a加・e，伽・a・p・1yαy・囲H・。，si・gl・ph鵬・・�p・tas吻P・鉛・組1　th・・ub・t・翫・・，め・v・whi・h（800℃）肋・肛・・ut丑・（・n　q醜�pd　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−301一C1阻PIER　2．1▼∫q酌∫πノ諺1〃35ケソ301−8ε14�i一coα∫加g…・apPhi・e・ub甜・t・・）・・amRt・・e・f　AIR（・n　Si・ub・せ・t・），　d・p・ndi・g・p・n・ub・甘・t・沁P・9・aphy・Surface　morphology　by　SEM　reveals　nan�trysta皿ine　porous　structure　of　the　51ms．　　　　　　Spectroscoかic　cllipsometry　results　show　i耳crease　in　bothηandたwith　incrcashlg　anneahngtemperature，　may　be　due　to　the　increas　e　in　crysta皿hlity　and　phase　transfb�oation，　as　also　observed　byXRD　p航t・・n・，　md訂・血・・n・i・t・nt　wi血．tV・i・ibl・・p�tt…c・pi・m�梶E・em・n鱈・（わti・訓・…gy9叩se・・�q・t・d丘・m　bV・i・ibl・t・…issi・脚d・en醐・・m・麗…・nt訂・3・25皿d　3・15・V飴・amorphous　and　anatase　TiO2，　resp�ttively．　Conductivity　study　show　s　the　nano−crystalhne　films　to　behi曲・esi・豆…血血…9・・f・・6一↓・’Ω一cm・F・・血・1・。・nd・・U・i・y　ac・・ss血師�qhas　been釦undto　be　almost＄order　of　magnitude　higher　th｛m　that　along　the　surface　of　the丘�q．．　Pure　Ima幡e且�qs・ev・組・d　g・・d　ph・め・・nd・・d・ity，・f　th…d…f4−5，�pd　b・th．th・d訂k�pd　ph・t・一cb・d・・d・ityincreased　upon　a�oealing　in　Hl　atmosphere　up　to　700。C　annealing　temperature．一302一Cl磁P7ER　2。　Tκ≧漉∫π1診1〃霧∫耽ソ501−8ε14功一coσ認π9．．．References［1］K・F・k・・him・・1・Y�o・由mdT・T・k・錘・Z吻乙助・＝58（1985）4146・．［2］M．Lottiaux，　C．　Boulesteix，　G．　Nihou1，　F．　Vamier，　F．　Flory，　R．　Galindo　and　E．　Pelletier，　　　　7物9π501∫4F’1〃25170（1989）107．［3］LKetron，　B〃乙A翅．　Cεrα7π．50c．68（1989）860．［4］G．ρ。BurnS，　Zノ地p1．1）乃y∫．65（1989）2095．［5］M．A．　Fox　and　M．　T．　Dulay，αθ拠．　Rεv．93（1993）341．［6】A．R癖ishima　and　K．　Honda，翫伽7θ238（1972）37．　［7］P．J．　Boddy，∫E1εαroc乃θ〃z．50c．115（1968）119．［8］M．D．　Archer，」∴4卯1．　E1εc∫70c乃ε翅．5（1975）17．［9］B．OlRegan　and　M．　Gratze1，1＞召砺rθ353（1991）737．［10］T．Yoko，　A．　Yuasa，　K．　Kamiya　and　S．　Sakka，　Z　E1εαγoc乃θ溺．50c．138（1991）2279．［11］A．Aoki　and　G．　Nogami，　Z　E1θc∫rocみε翅．30c．143（1996）L191．［12］Y．Ha，　S．W．　Nam，　T．　H．　Lim，　L　H．Oh　Imd　S．　A．　Hong，」コ肋励rαηθ3ご’．11（1996）81．［13】T．Oyama，　Y．　Iimura，　K．　Takeuchi　and　T．　Ishii，∫Mα∫εr．3c∫．　Lε∫．15（1996）594．【14］H．Weller　Imd　A．　Eychmuller，　in　5ε履coη伽。如r肋ηoc1配5茜θr5−P妙5’cαろαε履。α1απ4　　　C伽卵cA5pεc’∫，　P．　V．　Kamat　and　D．　Meisel（ed），　Elsevier　Science　Publishers　B．　V．，　　　Amsterdam，　The　Netherlands，1997，　p．5．［15］H・Hid・k・・∫P乃・孟・・乃・脱・・P乃・茜・わゴ・乙A’伽配・199（1997）165・［16］LLHench　and　D．　R．　Ulrich（eds），　inこ刀孟7α∫かμc薦rεProcθ55加86ゾCθrα〃2∫α募σ1σ∫5ε5απ4　　　Co〃脚8’ホθ5，　Wiley−Interscience，　New　York，1984．［17］F．A．　Grant，　Rθv．　Mb4．　P乃y∫．31（1959）646．［18】J．B．　Goodenough，乃08∫01∫43ぬ∫θαε溺．5（1971）145．［19］V．E。　Henrich，．Rξρ．　Prog　1）乃y∫．48（1985）1481．［20］J．Yuan　and　S．　Ts痴ikawa，　Z　E1θc∫roc乃θ膨．50c．142（1995）3444．一303一C舩1）盟1〜2．T’（≧訪’ηノ諺1〃3∫〃ソ501−8ε14功一coα琵η8…［21］D．E．　Aspnes　and　A．　A．　Studna，　P乃y5．　Rεv．27（1983）9851［22］S．Y．　Kim，4卯1．ρμ35（1996）6703．［23］T．Gerfin　and　M．　Gratzel，　Z　4卯1．1）乃y∫．79（1996）1722．［24］J．A．　Woollam，　W．　A．　McGahammd　B．　Johs，痂π301’4　F’1鷹241（1994）44．【25］D．E．　Aspnes，1物∫η、∫oJ∫4。F‘1〃3∫89（1982）2491【26】K．Memarzadeh，　J．　A．　Woollam　lmd　A．　Belkind，　Z　4ρp1．　P乃y5．64（1988）3407．［27］W．H．　Press，　B．　P．　Flalmery，　S．　A　Teukolsky　lmd　W．　T．　Vetterhng，　Numerical　R�tiやes：　　　The　art　of　Sciendfic　Computing，　Cambridge　University　Press，　Cambridge，　England，523ff．［28】K．A．　V6rotilov，　E．　V．　Orlova　and　V．1．　Petrovsky，皿∫η501∫4　F∫1魏5207（1992）180．［29］LWard，η3θ（初’cα1（bη3∫傭3けB磁Mα∫θ加ZM刀4．F伽，2nd　cd，10P　Pubhshing　Ltd，　　　Bristol，1994，　England，　p．20．［30］M。H．　Suhail，　G．　M．　Rao　and　S．　Mohan，　Z　4ρμP乃y＆71（1992）1421．［31］K・N・R…M・A・M・曲y・ndS・珂・h�o伽5・1’4週目1吻・176（1989）181・［32］H．．0．Finklea，　in、∫θ履coη伽α07　E1εc’ro4ε∫，　H．0．　Hnldea（ed），　Elsevier　Science　　　Publishers　B．　V．，　Amsterdam，　The　Netherlands，1988，　pp．49−50，　and　refbrences　therein．［33］H．Tang，　K　Prasad，　R．　S　a煽ines，　P．　E．　Schmid　and　F．　Levy，　Z　4〃乙P乃y5．75，（1994）2042．［34】H・Tang，　H・Berger，　P・E・Schmid，　F．　Levy　and　G．　Burri，30彦4、∫紛’θCb溺配朔．87，　　　（1993）847．［35】H．0．Finklea，　in　3θ7π∫coη伽α07　E1θc∫ro4θ∫，　H．0．　Fink監ea（ed），　Elsevier　Science　　　Publishers　B．　V．，　Amsterdam，　The　Netherlands，1988，　p．55．［36］J．B．　Goodenough，　A．　Hamnet，　M．　P．　Dare−Edwards，αCampet　Imd　R．　D．　Wright，　　　5μ1プ：5cε．101（1980）531．一304一

