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ABSTRACT

Thin films of titanium oxide and
barium-silicon-titanium oxide .  have been fabricated by
reactive sputter depositon using metallic targets. The
focus of the present study has been the relationships
between deposition conditions and the resulting properties
of the films.

The deposition unit was equipped 'with a triode
sputtering source and an auxillary rf power supply. The
flow rates of the sputtering gés (Ar) and the reactive gas
(02)‘were controlled by mass flowmeters. Substrate heating
was initjially achieved with a ceramic heater. During the
course of the work, a tantalum wie ﬁeater was designed
and developed for use at higher substrate temperatures. The
sputter—-deposition parameters monitored in this experiment
included the oxygen flow rate, the argon flow rate (which
was converted to an equivalent partial pressure), the rf
power density applied to the target, and the substrate
temperature. Additional important .parameters for the
fabrication of the barium-silicon-titanium oxide thin films
were the structure and the conposition of the metallic
target source. The deposited films were analyzed with a
variety .of techniques, including x-ray diffractometry,

x-ray photoelectron spectroscopy, Rutherford backscattering
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spectroscbpy, and Raman spectroscopy. For the titanium
oxide films the electrical resistivity was measured as a
function of temperature 'to determine the conduction
mechanism for each film.

Phase relations in the titanium oxide films were
summarized by plotting the substrate temperature versus the
oxygen flow rate to give a "metastable phase diagram". This
diagram was in reasonable agreement with similar diagrams
published in the literature and was also in agreement with
the electrical conduction mechanism diagram constructed in
the present wqu. The data for the average structure and
composition of the films obtained by x-ray diffraction,
Raman ' spectroscopy, and Rutherford backscattering
spectroscopy were in good mutual agreement. X-ray
photoelectron spectroscopy revealed the presenée of a fully
oxidized surface Jlayer on all the analyzed samples,
regardless of the film deposition conditions.

A metallic target containing barium, silicon, and
-titanium with the respective atomic ratios of 2:2:1 was
.prepared by combining the techniques of induction melting
and powder sintering. The relative compositions of
barium-silicon-titanium oxide films reactively sputter

deposited from the metallic target were detefmined by x-ray

photoelectron gpectroscopy. For samplus deposited at a
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substrate temperature of 70° ¢, the relative titanium

content increased and the relative silicon content
decreased as the argon partial pressure was reduced and/qr
the applied rf power density was raised. The conditions for
obtaining stoichiometrici Ba ,S1 ,Tiog thin films were

projected from these data.



iv

ACKNOWLEDGEMENTS

The author wishes to express his gratitude to Dr.
Hisao Yamauchi for his supervision, guidance and friendship
throughout the course of this study and during his entire

tenure at ihe University of Windsor.

Acknowledgements are extended to Dr. W.V. Youdelis for
his invaluable discussions and help in using induction
furnace. The author 1s grateful to Mr. J.W. Robinson of the
University of Windsor for his assistance in the maintenance
of the sputter deposition system and electron microscopy
analysis. The author is also grateful to Dr. R. Aroka of
the University of Windsor for his great help on the Raman
Spectroscopy analysis and to Dr. M. Sayer of Queen's
University for his helpful discussion and assistance. The
author is indebted to Mr. G. DeMaggio, Dr. B. Chao, Mr. J.
Tyler and Dr. T. Takagi of the Energy Conversion Device
Inc., Troy, Michigan. The author 1is also grateful to Dr. Y.
Miyasaka and Dr. M. Kimura, Nippon Electric Company, Tokyo,
Japan for their offering the wuseful information of
fresnoite. The author wishes to express his gratitude to
Dr. Whitten of Queen's University for his help of the use
of Rutherford backscattering spectroscopy. Acknowledgem?nts

are also extended to Mr.R. White and Mr.P. Kawa for their



help. Assistance of computer programming by Mr. D.Curry of

the University oi Windsor was appreciated.

Finally, the author would 1like to thank Miss Kerene
Boong and his friends and members of his family for their

support and encouragement throughout this study.



vi

TABLE OF CCNTENTS

ABSTRACT. . ...ttt st et e s et

ACKNOWLEDGEMENTS........... et teeeeeean Gt e etieeeee
TABLE OF CONTENTS .. v cteuvronncnonanocanenns Ceaae .
LIST OF TABLES.....cocctoacssns et e
LIST OF FIGURES ... e eeeeseecnnesnasoanannas e .. .
CHAPTER 1 INTRODUCTION. v vvevennnn Ceetereteaeaaas
CHAPTER 2 LITERATURE REVIEW. ....ccevinnennnnn ceeee
2.1 OPTICAL PROPERTIES OF CERAMICS....... ..
2.2 ELECTRICAL PROPERTIES OF NON-
CRYSTALLINE SEMICONDUCTORS.....c0c00ess .
2.3 PIEZOELECTRIC THIN FILMS...... v ..
2.4 SPOUTTERING....v.ievvenens et
2.41 DIODE SPUTTERING.....cotervaraanarannnn
2.42 MAGNETRON SPUTTERING......ccvcease cehen
2.43 .TRIODE SPUTTERING...... e reee e ..
2.44 REACTIVE SPUTTERING......... ...;... caee
2.5 THIN FILM ANALYSIS METHODS.....ccc00ses.
2.51 XPS (X-RAY PHOTOELECTRON
SPECTROSCOPY) .. ...... Ceeeeteeteraer
2.52 RUTHERFORD BACKSCATTERING
SPECTROSCOPY . s v v v veneecncanannass e
2.53 RAMAN SPECTROSCOPY....vctovevaesons e
2.6 FILM THICKNESS MEASUREMENTS.....c.c00e.e
2.7 TITANIUM OXIDES..... et RN ‘e
2.71 EQUILIBRIUM PHASE DIAGRAM......cuvevenvn-

2.72 STRUCTURBS...................l.

iv

vi

ix

11
12
12
13
13
14

15

15

16

17

18
20
20

21



vii

20"3 OPTICAL PROPERTIESQ...'-.--ovc-.o-.nioo-'

2.74 ELECTRICAL PROPERTIES............ censnne
2 3 8 FRESNOITE. PRI I T TSN S I B I B R * o 0 e 00 e e . 00
CHAPTER 3 Tio x THIN FILMS ooooo ® 9 L % o 8 5 8 B e P T S S S ST S

3. 1 EXPERIMENTAL PROCEDURE. s & & 8 & 8 & ° & 0 0 . o 9 9 o

3.11 TARGET PREPARATION.........ccace cesnane
3.12 THIN FILM PREPARATION;..... ..... ceesenee
3.13 THICKMNESS MEASUREMENTS........ P

3.14 PHASE AND COMPOSITION ANALYSES

3.15 RESISTIVITY MEASUREMENTS

3.2 RESULTS AND DISCUSSION

------------------

3.21 DEPOSITION RATE.............
3.22 PHASE RELATIONS...... e
3.221 X-RAY DIFFRACTOMETRY.........
3.222 X-RAY PHOTOELECTRON SPECTROSCZI«

3.223 RUTHERFORD BACKSCATTERING
SPECTROSCOPY...ccccvesen

3.224 RAMAN SPECTROSCOPY........

3.225 COMPARISON OF METASTABLE

PHASE DIAGRAMS........... R, e
3.23 RESISTIVITY............ et -
CHAPTER 4 BaySi,Ti0g THIN FILMS......ceenunnnnn e

4.1 EXPERIMENTAL PROCEDURE....

4.11 TARGET PREPARATION..............

ooooooooooooooooooo

4.13 THICKNESS MEASUREMENTS.

4.14 PHASE AND COMPOSITION ANALYSES....



viii

4.2 RESULTS AND DISCUSSION. ... uuveeeennnnns 6T
4.21 METALLIC TARGETS......... C e Y
4.22 DEPOSITION RATE....evveerennnnnn R (o
4.23 COMPOSITION AND PHASES.....c0.00tevesnns 71
CHAPTER 5 SUMMARY .« ot ettt iannenennnns e 75
5.1 TITANIUM OXIDE THIN FILMS.....co00veenens 15
5.2 Ba-Si-7i YETALLIC TARGETS FOR REACTIVE
SPUTTER _EPOSITION OF THIN FILMS..... A
§.3 Ba,S1,Ti0; THIN FILMS............. e 78
'CuAPTER 6 CONCLUSION....vveerenennnn PN ce.... 80
CHAPTER 7 RECOMENDATION FOR FUTURE RESERCH........ 82
CHAPTER 8 REFERENCES . & o vttt ittt eenenennannnecens 84
APPENDIX A THICKNESS MEASUREMENTS....... e ne et 93
APPENDIX B DEPOSITION RATE OF TITANIUM THIN '
2 £ 95
APPENDIX C RESISTIVITY MEASUREMENTS OF TiO_
THIN FILMS AT HIGH TEMPERATURES......... 97
APPENDIX D CALCULATION OF Ba,Si,TiO, X-RAY
DIFFRACTION PATTERN.Z...%. . .. . ... ....... 99
APPENDIX E ERROR ANALYSIS AND LEAST SQUARE
METHOD FOR RESISTIVITY DATA......oocvnn. 103

VITA AUCTORIS . o vt vt et seenoeceneessessnssnesssassnassss 106



o —

Table

2.1

ix

LIST OF TABLES

Page
Resistivity of single c¢rystal titanium oxides
at room temperature. 107
Deposition conditions and thicknesses of TiOy
thin film Samples (1)-(12). 108
Compositional analysis of Rutherford back-
scattering spectroscopy data (figure 3.12). 109

Comparison between the thicknesses measured by

Transky method and those measured by Stylus 110
method.



LIST OF FIGURES
Figure

2.1 Change in refractive index with wavelength for
several crystals and glass:s (17).

2.2 Frequency variation of the index of absorption

Page

L1l

for metals, semiconductors, and dielectriecs (17) 112

2.3 Various forms proposed for the density of
states in amorphous semiconductors. Localized
states are shown shaded. (a) Overlapping
conduction and valence band tails (19); (b) a
real gap in the density of states suggested
here as being appropriate for a continuous

random network without defects; (c) the same as

(b) but with a partially compensated band of
defect levels; (d) the same as (b) but with
overlapping bands of donor, Ey, and acceptor,

EX. levels arising from the same defect.
(ref (18))

2.4 Illustration of temperature dependence of

electrical conductivity of an amorphous
semiconductor (18).

2.5 Schematic diagram of diode sputtering system
(16) .

2.6 Schematic diagram of magnetron sputtering
system with a ring magnet (15).

2.7 Schematic diagram of triode sputtering system
(24).

2.8 Energy level diagrams of photoelectron (top)

and Auger electron (bottom) excitation (27).

2.9 Schematic diagram of multi-technique AES/XPS
analytical system (27).

2.10 Typical broad-range XPS spectrum from Ti03.

2.11 Schematic diagram of Rutherford backscattering
spectroscopy (RBS) apparatus (30).

2.12 Appearance of scattered light with frequencies
Vo:{vot+tvy1), and (vgo=-vy1) (150).

113

114

115

lle
117
118

119
120

121

122



xi

Stokes and anti-Stokes Raman shifts and fluorescence

process (34).

Schematic diagram of commercially used Raman
spectrometer (34).

Schematic view of apparatus for producing multiple-

beanm Fizeau fringes (Tolansky technique) (131).
Fringe pattern produced from thin film (16).
Titanjijum-oxygen phase diagram (35).
Titanjum-oxygen phase diagram (36).
Titanium-oxygen phase diagram (37).
Structure of rutile TiO, (138).

Structure of anatase TiO, (138).

Structure of brookite TiO; (138).

Structure of Tij;03 (139).

Structure of Ti, 0 (49).

Energy band structure of TiO (68).

Energy band structure of Ti303(71).

Energy band structure of Ti, 0y (64).

Energy band structure of crystalline non-
stoichiometric rutile TiO, (76).

Crystallographic structure of Baj;Si;TiOg
(projection on X-Y plane) (80).

Crystallographic structure of Ba;SisTiOg
(projection on X-Z plane) (79).

Electromechanical coupiing factor, 22av/v, vs
temperature coefficient of delay, TCD, for sets

of SAW propagation plane and direction in
piezoelectric single crystals (140).

Set-up in sputtering deposition unit (used in
the present experiment) with triode source:
(1) Cu ring, (2) glass cylinder, (3)Al foil.

Electrical circuit diagram for resistivity
measurement. a, b, ¢ and d are electrodes.
Electrodes a and ¢ were used to avoid edge
effect on the current flow from d to b.

- 123

124

125
126
127
128
129
130

131
132

133
134

135

136

137

138

139

140

141

142

143



3.5

xii

Schematic diagram of resistivity measurement
set-up.

Deposition rate, Rp, in terms of O; gas flow
rate, Fg,. when Ar gas flow rate, Fj,, and
partial pressure, P,,., are fixed.

"Metastable phase diagram" for TiOyx thin films
fabricated at different substrate temperature
(Ts) and oxygen gas flow rate (Fgp,):( —amorphous
(3 -fine polycrystalline and @-fully crystalline;
R-rutile, A—-anatase and a—-amorphous. Samples
(1)=-{13) were fabricated with 70 m Torr Ar
partial pressure and Sample (14) was deposited
with 130 m Torr Ar partial pressure.

Free energy of formation per mole of oxygen as

a function of temperature (Ellingham diagram) (95).

Ti concentration with respect to oxygen gas
flow rate, Fgo;, determined bt XPS for five TiOy
thin films at their original surface (solid

symbols) and 3-min. Ar¥-bombarded fresh surface
(open symbols).

Schematic diagram of composition distribution
in the cross section of TiOy thin film samples.
Narroﬁ—range XPS spectra from TiO, after 0, 1,
2 and 3 minutes ArT ion sputtering.

Typical narrow-range XPS spectra of (A) as-

deposited TiOx and (B) TiOx after surface layer
of ~1008 removed.

Oxygen concentration profile ot TiOz thin film
as Ar sputtering continues.

Rutherford backscattering spectra of (A) Samples
(1), (B) Sample (3) and (C) Sample (4) using
2.0 MeV He ions incident.

Raﬁan spectrum of rutile granules purchased
from Cerac.

Raman spectrum of anatase granules purchased
from Cerac.

Raman spectrum of TiO granules purchased from
Cerac.

145

14¢

147

148

149

151

152

153

154

125

156



3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25
3.26

3.27

xiii

Raman spectrum of glass substrate.
Raman spectrum of Sample (1).
Raman spectrum of Sampie (3).
Raman spectrum of Sample (4).
Raman spectrum of Sample (5).
Raman spectrum of Sample'(s).
Raman spectrum of Sample (7).
Raman spectrum of Sample (8).
Raman spectrum of Sample (9).
Raman spectrum of Sample (10).
Raman spectrum of Sample (11).

Raman spectrum of Sample (12).

"Metastable phase diagrams'for samples fabri-
cated by means of (A) an rf diode sputterring

technique (6) and (B) a dc plasmatron'sputtering.

technique (9).

Resistivity of Sample (3) in terms of tempera-

ture. Curves are for three different electrical
conduction mechanisms.

Resistivity of Sample (6} in terms of tempera-

ture. Curves are for three different electrical
conduction mechanisns.

Resistivity of Sample (9) in terms of tempera-
ture. Curves are for three different electrical
conduction mechanisnms.

Electrical conduction mechanism diagram super-
imposed on the '"metastable phase diagram”.

Parameter T, used in eq (3.15) for the Mott
mechanism in terms of substrate temperature
(Ts) and oxygen gas flow rate (F02).

Resistivities of Samples (1) to (12) versus
temperature.

170

171

172

173

174

175



Al

Bl

xiv

(A) Ti metal and BaSiO3 discs. (B) Composite

sputtering target of BaSiOj3 disc embedded at the
centre of Ti disc.

Temperature -vs- power relation of "new" heater.
Tantalum wire was used as the heating element.

Heating program for sintering Target III.
Titanium-silicon phase diagram (129).
Silicon-barium phase diagram (129).

Deposition rate of Ba-Si-Ti oxide thin film
Samples (a), (b) and (c) (defined in section
4.22) in terms of Ar partial pressure, Pj.,and
power density, W, applied to the target.

Target I (defined in section 4.21) after
sputtering.

Scanning electron micrograph of thin film
sputter deposited from Target I.

Energ?-dispersion spectra (using Kevex) for (A)
grain and (B) background of the thin film shown
in figure 4.8. '

Spectrum of energy dispersion x-ray analysis
(Kevex) of Bay Si3,TiOg ceramics (15).

Scanning electron micrographs of thin films
sputter deposited from metallic Target III
(defined in sectioh 4.21) at (a) Ppr=150 m Torr
and power density applied to the target, W=

10 W/cm2, (b) Ppr=115 m Torr and W=10 W/cm®and
(c) PaAr=85 mTorr and W=20 W/cm2. In all the
cases, the oxygen gas flow rate is kept constant
at 0.2 scc/min(see next page for (b) and (c)).

Compositions of Samples (a), (b) and (c)
(defined in figure 4.11) versus argon gas

partial pressure, Par . and power density applied
to the target, W.

Titanium thin film thickness measured by a
stylus method.

Deposition rate, Rp, of titanium thin films
versus Ar partial pressure, PAr .

176

177
178

179

180

13l

132

133

184

185

186

139

190



B2

B3

C1

C2

c3

D1

Deposition rate, Rp, of titanium thin films
versus power density applied to the target, W.

Sputtering yield of Cu as a function of Kr' ion
bombardment energy (142-147).

Resistivity of Sample (4) with Al electrodes in
terms of temperature.

Resistivity of Sample (8) with Au electrodes in
terms of temperature.

Resistivity of Sample (8) at 115°C as a
function of time. .

X-ray diffraction patterns of (a) BajySi;TiOg
(BST) (in JCPD card) and (b) BaSiTiOs (in JCPD
card). (c) Calculated BST pattern. Experimentally
obtained x-ray diffracticon pattern from the
sample which had the Ba:Si:Ti ratios equal to

(d) 2:2:1 and (e) 1:1:1.

192

193

194

125

1396



CHAPTER 1
INTRODUCTION

A variety of dielectric thin films have been developed
for optical, electrical, and mechanical applications (1).
In these applications, both the crystallinity Aand fhe
composition of the thin film are important parameters. For
thin film insulators, amorphous films are desirable (2)
since polycrystalline films are generally less insulating
and single-crystal insulating films are difficult +to
prepare. dn the other hand, for piezoelectric and
ferroelectric uses, highly oriented crystalline films are
required (3, 4).

To satisfy specific requirements for each application,
the reactive sputter deposition technique is one of the
most useful thin film preparation methods. Using this
technique composition may be controlled by adjusting either
the composition of the target or the amount of reactive gas
(or both), and the crystallinity of the film may be
controlled by varying the substrate temperature.

In the present work titanium oxide thin films aﬂa
barium-silicon-titanium oxide films are fabricated by means
of reactive sputtering in an rf triode sputter deposition

unit. The relationships between the preparation conditions



and the crystallinity and composition of the thin films are
studied.

Titanium oxide thin film coatings are promising for
fufure applications in optical devices as well as for
electronic and catalytic uses. The TiO09 coating employed in
the SHIVA laser for nuclear fusion experiments (5) may also
be used for the NOVA 300 TW neodymium glass laser system
(5. 6). The optical properties of TiO, films have been
studied for crystalline and amorphous films fabricated by
means of reactive-diode sputtering (5, 6, 7, 8, 9, 10). It
has been confirmed that TiO2 thin films generally have high
refractive indices and high laser damage thresholds (5, 6),
although these properties are dependent on the deposition
conditions. In contrast +titanium suboxides, TiO0y (x<2),
have been found to have high absorption indices (6, 11) and
may be employed as antifeflection coatings in such uses as
solar absofber systems (11).

In the present study, titanium oxide thin films are
fabricated by means of a reactive triode sputtering
technique. Such deposition conditions as oxygen flow rate,
substrate temperature, etc. are contfolled to obtain
samples which have a variety of degrees of crystallinity
and oxidation state. The films are analyzed by various
techniques, including X-ray diffractometry, X-ray
photoelectron spectroscopy, Rutherford backscattering

spectroscopy, Raman - spectroscopy, and electrical



resistivity measurement. A "metastable phase diagram“ ‘is
then constructed by plotting the substrate temperature
versus the oxygen flow rate. The electrical resistivity of
each film is measured as a function of temperature to
determine the most probable conduction mechanism. An
electrical conduction mechanism diagram is obtained and is
compared to the "metastable phase diagram".

Various types of surface acoustic wave (SAW) devices
have .been developed using piezoelectric materials (12).
Single crystal Fresnoite (BaZSizT108) has been considered
as a material for SAW devices (13). In the calculation of
Yamauchi et al (14), Ba 25;2T103 thin films deposited on
fused quartz substrates were predicted to habe competitive
SAW characteristics. Previously Baj; Si»TiOg thin films were
fabricated by means of sputter deposition techniques using
ceramic targets (15, 16) . However, the piezoelectric
properties of the films have not yet been confirmed. One
of the major problems has been the low deposition rates
resulting from the low sputtering rates of ceramic targets
(15, 16). Reactive sputter deposition techniques may
provide higher film déposition rates since the.sputtering
rates of metallic targets are usually much higher than
those of ceramic targets. |

In the present study, various types of metallic
targets are tested for reactive sputter deposition of

barium—-silicon-titanium oxide +thin films on (100) Si



substrates. From the analysis of <the structures and
compositions of the resulting films an attempt is made to
project the sputter deposition conditions for the

fabrication of stoichicmetric Baj3Si;TiOg thin films.



CHAPTER 2

LITERATURE REVIEW
2.1 OPTICAL PRCPFRTIES OF CERAMICS

A dielectric material reacts to electromagnetie
radiation differently from free space because it contains
electrical charges that can be displaced. For a sinusoidal
electromagnetic wave, there is a change in wave velocity

and intensity described by the complex coefficient of

refraction:
n* = n - ik
where n 1is the refractive index and k is the absorption

index. The index n is determined as follows:

where v, is the velocity of light in a vacuum and v is the
velocity of light in the medium. The refractive index is a
function of the frequency of the light, normally decreasiqg
as‘the wavelength increases (figure 2.1) (17).

The optical properties of dielectric materials are
generally of interest because of their good transmission in

the optical part of the spectrum as compared with other



classes. of materials (figure 2.2) (17). At short
wavelengths this good transmission is terminated at the
ultraviolet absorbtion edge, which corresponds to radiation
energies and frequencies where absorption of energy arises
from electronic transitions between levels in the valence
band to unfilled states in the conduction band. At lonc
wavelengths the relatively good transmission of dielectrics
is terminated by elastic vibration of the ions in resonance
with the imposed radiation.

For the application to antireflection ‘coatings,
multilayer coatings are commonly used. Antireflective
"coatings against a wide range of wave lengths can be
obtainéd by controlling the thickness of each layef arnd/or

changing the materials (143).

2.2 ELECTRICAL PROPERTIES OF NON-CRYSTALLINE
SEMICONDUCTORS

The concept of "density of states" for electrons may
still remain valid even for non-crystalline solids (18).
Actually the densities of states of many non-crystalline
materials have been determined using various experimental
methods. Such states lie in bands separated by energy gaps,
Just as in crystals. Localized states in the gap are a
consequence of defects. As long as the short-range order

which is present in the crystalline phase is essentially



unchanged (i.e. similar bond lengths, bond angles, and
local coordination with those in th: orystal), the gross
features of the crystallihe density of states are
preserved, though there are some differences.

Cohen, Fritzsche, and Ovshinsky (19) supposed that an
amorphous structure would lead to overlapping band tails of
localised states (CFGC model) as shown in figure 2.3(a). One
of the principal features of this model was the existence
of "mobility edges" (19) at energies in the band taills.
These separate the 1localized states from the extended
states. The difference between the energies of the mobility
edges in the vélence and conduction bands is called the
“mobility gap”. The proposal of overlapping tails, i.e..thel
CFO modei, is now considered unlikely to apply to amorphous
semiconductors and insulators that are transparent in the
visible or infrared region (17). However, this idea may
'still be valid in some liquids. Semiconductors, in which all
bonds are saturated and there are no long—-range
fluctuations, should have a density of states as shown in
figure 2.3(b) with a true band gap. Deep tails should arise
only from gross density or - bond-angle fluctuations.

Alternative suggzstions to the CFO model for states in
the gap are shown in figures 2.3(¢c) and (d). In figure
2.3(c) a band of deep acceptors is partially occupied by
electrons originating from a shallower band of donofs. The

role of donors and acceptors can be reversed. This simple



model, proposed by Davis and Mott (18, 20), was based on
several experimental results which implied a finite density
of states at the Fermi level, Ep . As long as the total
density of states in the gap 1is not 1large, this model
allowed optical transpérenc&. Mott (142) suggested that, if
the states arose from a defect centre, e.g. a dangling
bond, then they could act both as deep donors (Ey ) and
acceptors (Ex), with single and double occupancy conditions
leading to two bands separated by an appropriate
correlation energy. This is shown in figure 2.3(d). If the
narrow bands near the Fermi level overlap strongly, then
this model is éssentially the same as the model shown in
figure 2.3(c).

Three kinds of mechanism of conduction may be expected
for electrons in amorphous semiconductors according to the
concept of the density of states and mobility edge. These
mechanisms are:

i) Transport by carriers excited beyond the mobility
edges into non-localized states at E, (energy level at the
bottom of the conduction band) or Ey (energy level at the

top of the valence band). The conductivity (for electrons)
is: E. u E

g =0y exp (--ik,r——}:-)
where Ef is the Fermi level and 0; is a constant.

ii) Transport by carriers excited into localized states at

the band edges and hopping at energies close to E, (energy



level at the bottom of the conduction band in the mobility
gap) or E p (energy level at the top of the valence band 'in
the mobility gap). The conductivity for electrons is:

o = a, exp (-EA—EF-O-NI)

KT
where W; is the activation energy for hopping and @3 is a

constant. W1 is a function of T.
iii) If the density of states at Efr is finite, then there
will be a contribution from carriers with energies near EF
which can hop between localized states by a process
analogous to impurity conduction in heavily doped
crystallire semiconductors. In this case

g =0, exp (- wzl kT)
where 07 1is a constant ( 03 < 92) and 'wz is the hopping
energy, which is of an order of half the width of the
density of states is as shown in figure 2.3(c). At
temperatures such that kT is less than the bandwidth, or if
the density of states is as shown in figure 2.3(a) or (d),
hopping will not be between nearest neighbours. Instead
variable-range hopping, described below, will occur:

O =0y exp ( - T, /T )M/%

wlhere
To = ¢ ( anancep) MH®
and
@ =( 2m W, )llzlh and ¢ £ 2

in which n* is the effective mass of electron and Wo is the

energy level for an electron in a single potential well.
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The above conduction mechanisms are illustrated in terms of
log ¢ versus 1/T as shown in figure 2.4.

More recently,.Triberis et al (21) introduced a novel
mechanism of conduction in a high temperature regime where
the hops are characterised by the absorption and emission
of many phonons using a percolation theory. This
temperature regime is also called the small-poclaron hopping
regime. A carrier trapped b? a defect in a crystal or in an
Anderson localized state in a non—cr?étalline material will
always distort its surroundings to some extent to reduce
its energy. If the interaction energy between the carrier
and the phonons is strong in comparison with the bandwidth,
a "small-polaron" may form. For such a case Triberis et al

(21) derived the following equation for the conductivity at
high temperatures (i.e. hw <<kT):

‘g = Co eXp ( Tp,T )ZIS

where 0o is a constant and

Tp = 8,582 a>/? 1wy,

in which Ng is the concentration of sites where electron

can move, a~! is the spatial extent of the electronic

wavefunction 1localised at a single site and N, is the
density of states which is assumed to be constant in the

energy range where polaron hopping conduction occurs.



11

2.3 PIEZOELECTRIC THIN FILMS

Some piezoelectric materials contain electric dipoles,
each of which consists of a positive and a negative charge
sone distance apart. In such materials, to obtain
piezoelectric activity, the dipoles must be oriented to a
certain degree.

If a stress is applied to such materials they develop
an electric moment whose magnitude is proportional to the
applied stress. This is known as the direct piezoelectric
effect. If a uniaxial tensile stress ¢ is applied along one
of the diad axes of a piezoelectric material, the magnitude
of the electric moment per unit volume, or the polarization
charge ber unit area (P), is given by

P=d.o
where d is a constant, called a piezoelectric modulus. As
is implied by this equation, a change from a tensile stress
to an equal compressive 'stress reverses the direction of
the polarization.

An important characteristic of the piezoelectric
material is the electromechanical coupling factor, k2. It

is usually defined as follows (22):

ke = (resultant electrical energy)
(imput mechanical energy)




12

Piezoelectric thin films can be used for transducers,

Ooscillators, convolvers, optical image scanners and

surface-acoustic-wave (SAW) devices (12). For the case of

SAW devices, the SAW propagation velocity on the

pliezoelectric material surface is as important as the k2

value. In order to use SAW devices in a certain (usually

wide) range of temperature, the temperature coefficient of

delay (TCD), 1i.e. the temperature dependence of the SAW

velocity, is required to be small, i.e. of the order of 0~50
ppm/K (13).

2.4 SPUTTERING

2.41 DIOLE SPUTTERING

A simple source of ions for sputtering is provided by
the well-known phenomenon of the glow discharge due to an
applied electric field between two electrodes in a low
pressure gas. Figure 2.5 shows the structure of a diode.

The gas breaks down to conduct electricity when a certain
minimum voltage is reached between the target and chamber.

The substrate onto which the film material is sputter

deposited from the target is usually placed at the same

electric potential level as the chamber, as shown in figure

2.5. The gas (usually Ar) introduced into <the chamber

is now ionized. The ionized gas atoms (e.g. Ar ‘%) are



13

accelerated by the applied field toward the target and

sputter out the atoms on the target surface.

2.42 MAGNETRON SPUTTERING

The set up of magnetron sputtering is the same as that
of diode sputtering except for the existence of magnets
installea. behind the target as shown in. figufe 2.6. The
magnetic field induced by these magnets causes the
electrons to move helically around the 1lines of magnetic
force. These electrons collide with neutral sputtering gas
and then jionize them. In this way, the plasma is able to be
maintained at low préssures.'The sputtering operation at a
low pressure "results in" ‘a high deposit;on rate (23) and

fewer contaminated products (i.e. thin films) (24).

2.43 TRIODE SPUTTERING

Auxiliary electrons are supplied thermionically from a
filament and drawn to the anode as shown in figure 2;7. With
thev discharge gas adjusted to the desired operating
pressure, the cathode (filament) is electrically heated to a
temperature at which it emits electrons to support a
discharge. When the power 1is applied to the anode,
electrons are accelerated toward it. Argon atoms are

excited or ionized by electron collisions, and a plasma is
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initiated. The target may have negativé voltage of any
value applied to it without affecting the plasma, other
than within tﬁe ion sheath (the dark-field region) that
forms around the target. Every ion reaching the edge of the
sheath is accelerated to the target and has a probability
of causing ejection of atoms from the target surface.
Advantages .of triode sputtering are; plasma can be

obtained at low pressure and independently from the power

applied to the target.

2.44 REACTIVE SPUTTERING

When reactive gas |is delibefately added to the
sputtering system, the desired compound may be prpduced in
a film form using a metallic target. To the author's
knowledge, reactive sputtering by means of a triode
sputtering technique has not been reported. Reactive
sputtering can be done using diode or magnetron sputtering
apparatus. The non-reactive (discharge) gas and reactive
gas nmixture or reactive gas only is introduced into the
sputtering chamber; The reaction to form the compound
mainly takes hlace on the substrate surface (24). Reactions
may also occur on the target surface. Reactions in the gas
phase have been considered to be unlikely because of
problems of conserving momentum and dissipating the heat of

reaction (24, 26).

Advantages of reactive sputtering are as follows:

LY Trm rmanawal matralaea ara AnncetrdTa and hawtrra Trmuwoayr moald*dnes
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temperatures than compounds, e.g. metal oxides, metal
nitrides, etc. The manufacture of desired target shapes

from metals is thus easier and less expensive than forming

non-metallic materials into the target shapes.
ii) By changing the ratio of reactive gas and non-reactive
gas in the sputtering chamber, films having a composition
gradient along the direction perpendicular to the substrate
surface may be obtained. Also a precise composition control
may be achieved.
iii) In most cases, the deposition rates of metals are
higher than those of their compounds. Thus reactive
sputtering gives higher deposition rates.

 since no information about reactive tribde sputtering
techniques was available, an "original" sputtering set up

was designed and employed in the present work.
2.5 THIN FILM ANALYSIS METHODS

2.51 XPS (X-RAY PHOTOELECTRON SPECTROSCOPY)

Although the first photoelectron emission studies
began in the early part of this century(27), XPS study did
not begin until the 1950's (28). Finally, in the late
1960's, a commercial XPS system became available to measure
the surface chemical properties of solids (29).

Figure 2.8 is an electron energy level diagram of a

solid illustrating the mechanisms necessary for emission of
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photoelectrons. In this diagram a photon 1is absorbed such

that:

W =B T Epp T 9
where hv is the photon energy, Eyr is the electron kinetic
energy- Epg 1is the electron binding energy‘ and f is the
work function of the spectrometer. EBE is defined as the
energy difference between the Fermi level and the energy
level of the electron that has been removed.

Figure 2.9 is a schematic illustration of an XPS
system. The sample is positioned in front of the energy
analyzer, and photoelectrons are produced from the sample
when exposed to x—-rays. The electron current from the
electron mﬁltiplier can be .monitored with pulse counting
electronics to produce an N(E) spectrum, i.e. a spéctrum of
the number of electrons versus energy. A typical spectrum

obtained from TiO; in a broad scanning mode is shown in

figure 2.10.
2.52 RUTHERFORD BACKSCATTERING SPECTROSCOPY

The strenéth of Rutherford Backscattering Spectroscopy
(RBS) resides in the speed of.the technique, its ability to
perceive depth distributions of atomic species below the
surface, and the quantitative nature of the results. The
four basic physical concepts upon which RBS is based

are: (1) energy transfer from a projectile to a
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target nucleus in an elastic two body collision, (2) the
likelihoocd of the occurrence of such a two-body collision,
(3) the average energy loss of an atom moving through a
dense medium and (4) the statistical fluctuations in the
energy loss of an atom moving through a dense medium. The
simplified set-up for RBS is schematically shown in figure
2.11(30). The light ions (usually H' or He') are projected

into the sample and the detector measures the energy and

number of the backscattered ions.

2.53 RAMAN SPECTROSCOPY -

Raman spectroscopy depends on the frequency of the
light scattered by molecules as they undergo rotations and
vibrations. wﬁen a monochromafic light of frequency Vo is
directed at a cell containing a dust-free transparent
substance, most of the light passes through it unaffected.
However, some of the light (0.1 percent) is scattered by
the sample molecules in all diréctions, as shown in figure
2.12. The gcattered radiation contains photons which have
the same frequency, Voo, as the incident 1light (elastic
scattering which is often called the Rayleigh 1line), but,
in addition, the emergent radiation '~ contains other
frequencies (due to inelastic scattering) such as (vg=vy)
and ( vo+ vl). This was observed by Raman (31, 32) in 1928

(the Raman shifts)}. Since, 1in thermal equilibrium, the
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population of higher energy modes 1is less. than that of
lower energy modes and falls off exponentially with the
enefgy, Raman shifts with a positive a4v (anti-Stokes lines)
are less intense than those with a negative av (Stokes
lines), and the intensity of the anti-Stokes lines falls
off rapidly as |av| increase.

The phenomena of fluorescence and Raman scattering
must be distinguished. In fluorescence, the incident photon
is completely absorbed and the molecule concerned 1is
thereby raised to an excited electronic 1level. After a
certain lifetime in this upper state, the molecule
undergoes a downward transition and thereby re-radiates
light of a frequency lower than that which it had absorbed
(33). This mechanism 1is radically different from that of
the Raman effect, in which the photon as a whole is never
absorbed, but rather perturbs the molecule and induces it
to 'undergo a vibrational or rotational transiton (see
figure 2.13)(34). Each scattering species gives its own
characteristic vibrational Raman spectrum, which can be
used for its qualitative identification. The experimental

set up is schematically shown in figure 2.14(34).

2.6 FILM THICKNESS MEASUREMENTS

The use of Fizeau fringes for thickness measurements

is commonly called the Tolansky method. A schematic diagram
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of Fizeau fringes produced by multiple-beam interference is
shown in figure 2.15. The Fizeau piate 1s partially
traansparent and should be optically flat to have highly
reflectivity. Surfaces of samples nust be coated by high
reflective materials 1f the sample surfaces do not have
enough reflectivity. When the Fizeau plate is brought in
contact with the film surface, and the interferometer is
illuminated with a parallel monochromatic beam at normal
incidence and viewed with a low-power microscope, dark
fringes can be observed which trace out the points of equal
air-gap thickness. The two adjacent fringes are separated
by A/2 (where i.is the wavelength of the monochromatic
beam). If the éurfaces of the samples are highly reflecting
and very close to the Fizeau plate, the reflected fringe
system consists of very fine dark 1lines against a white
background. By adjusting the relative positions of the
flats to form a wedge-shaped air gap, the fringes can be
made to run in straight lines perpendicular to the steps on
the opaque film. The fringes show a displacement as they
pass over the film step edge. This displacement expressed
as a fraction of the A/2 fringe spacing gives the film
thickness. The film thickness can be calculated by the

following equation:

Fringe Offset (filar units)
Fringe Spacing (filar units)

x‘% = Film Thickness
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The fringe offset and spacing were measured with the filar

eyepiece as shown in figure 2.16.
2.7 TITANIUM OXIDES

2.71 EQUILIBRIUM PHASE DIAGRAM

The equilibrium phase diagram of the titanium-oxygen
system has been studied by many investigators (35-39). The
first construction of such a phase diagram was carried out
by DeVries et al in 1954 (35), using the data previously
reported in the literatufé (figure 2.17). At that time, only
titanium solid solutions ( -Ti), with Tio, Ti,03, Ti30s5 and
Ti ', phases were identifiea. Wahlbeck et al (36) modified
this diagram wusing the results of their x-ray stucies
(figure 2.18). In this modified phase diagram, some "new"
phases were added: Ti,0 and Magneli phases Ti,O0;,.; (44n%10)
. In 1982, Gruber et al (37! orfered a further nodification
of the diagram, using additional experimental data such as
those obtained by means of magneto-resistance and
electrical conductivity measurements. The revised phase
diagram is given in figure 2.i9. Two additional new phases,
i.e. Ti3O0 and Tig O, are seen in this phase diagram. The
phase felations were later elaborated using techniques of
thermopower, Hall coefficient, electrical conductivity and

magneto-resistance measurements (38, 39).
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2.72 STRUCTURES

According to repcrted phase _diagrams (37) (section
2.71), the titanium oxides ekist_ in a variety of forms:
Tig¢ O, Ti3; O, Ti» O, TiO, Ti 03, Ti3 05 , Magneli phases
(TinO2n-1(n24)] and Ti0;. Four different structures have
been known for TiO,, that is, rutile, anatase, brookite
(40) and the high pressure phase which has an "q-PbOj3"
structure (41). The structure of rutile as shown in figure
2.20 was first analyzed by Vegard in 1916 (42). Every
.titanium atom is surrounded by six oxygen atoms which form
a slightly distorted octahedron. Each of the oxygen atoms
is in contact with threg titanium atoms which form an
equilateral triangle. The anatase structure, which was
analyzed also by Vegard (42), is demonstrated in figure
V2.21. In this structure, as was the case of the rutile
structure, every titanium atom is located at the centre of
an octahedron formed by six oxygen atoms and every oxygen
atom is surrounded by three titanium atoms. Figure 2.22
shows the structure of brookite. All the Ti,0 yp-1 (nZ4)
phases are so-called Magneli phases (43). After Magr.eli
studied these phases in molybdenum and tungsten oxides,
Anderson et al (44, 45) investigated the Magneli phases in

the titanium-oxygen systen. It is described (43) as

consisting of parallel-sided slabs whiclk contain a certain
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amount of rutile ([TiOg ] octahedra. Identical slabs are

united by octahedra sharing faces which are called

"crystallographic shear" (CS) planes. Across CS planes,
adjacent slabs are relatively displaced towards one
another. Since the displacement necessitates the
elimination of an oxygen plane, the metal atom density is
higher at the CS plane than in rutilg (the»regions between
the CS planes).

Ti3 Os was found to be isomorphous with "pseudo
brookite" (46). Zachariasen (47) found that T12 Q4 had a
corundum structure as shown in figure 2.23. Ehrlich (48)
revealed that the structure of TiO was of the NaCl type.
The structure of Ti,0 is shown in figure 2.24 (49). It waé
found (49) that Ti30 had the same structure as Ti,0 but
contained a certain fraction of vacancies in the.oxygen sites.
The phase with the least amount of oxygen was identified as

TigO (50) which had a hexagonal superlattice structure.

2.73 OPTICAL PROPERTIES

It is well known that TiOy (rutile) has a high
refractive index of ~2.7, (17, 51) which is higher than that
for anatase i.e. 2.5 (9, 51). For the case of Ti0; thin
films, the refractive index varies with the grain size and
the rutile-anatase ratio (6, 9). The thin films having

larger grain size and/or higher rutile concentration have
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higher refractive index.

Since Tioé has a high laser damage thresholds, the TiO;
coating is one of the candidate materials for the NOVA
300TW neodymium. glass laser system at Lawrence Livermore
Laﬁoratory (5, 6). The laser damage resistance of the Ti0O;
thin films deposited by means of rf diode sputtering
techniques was measured as a function of the grain size and
the ratio of rutile to anatase (5, 6). The results
indicated that the thin films which consisfed of smaller
graihs pPossessed higher damage thresholds without any
significant differences due to the rutile-anatase ratio.

Wbile TiO, has a high refractive index, TiOx (x<2)
films are characterized by high absorption indices (52).
Thus TiO y (x<2) materials are expected to be used as
selective absorbers for solar thermal conversion (11). Such
absorbers are required to have low reflectances in the
visible light region and high reflectances in the infra-red
region (11). Schiller et al (52) studied the absorption
coefficient of the TiO, thin films fabricated using a
reactive plasmatron sputtering technique in terms of the
pressuré ratio of the 0, and Ar gases. According to their
results, the absorption coefficient increased and the
refractive index decreased monotonically with decreasing

pressure ratio of the 0, and Ar gases.
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2.74 ELECTRICAL PROPERTIES

There have been a number of reports on the electrical
conductivities of various titanium-oxide phases as a
function of temperature (53-65). The band structures of
phases, TiO (66-70), Ti,0s3 (59, 66, 71-75), T1,0 7 (64) and
rutile (TiO 5 ) (66, 76), have also been reported. The
conductivities of titanium oxide single crystals at
room temperature are summarized in Table 2.1. Phases Ti;03
and Tij3 05 exhibit transitions from semiconductor to
metallic conduction (s-m transition) when heated. The
transition temperatures were determined at ~400K and ~ 200K,
respectively (55, 59, 61, 65). The conductivity of TiO
decreases with increasing tenmperature (i.e. metallic) (65)
while the conductivities of TigOg9, Ti70313, TigO1s and Ti0;
increase with increasing temperature (semiconductive) (61,
62, 77). However, some discrepancies are found in the data
of TisO07 and TigO311 . Bartholomew et al (65) reported that
Tigs 07 had an s-m transition at ~140K but Ti 60 11 did not
have such a transition. On the other hand, Lakkis et al
(64) and Marezio et al (61) did not observe s-m transitions
in Ti,07, and Marezio et al (61) observed an s-m transition
in Tig 011 . These discrepancies may be due to the
difficulties in the fabrication of single crystals o{ a

single Magneli phase (61, 64).
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The band structures of TiO (66), Ti,04 (71, 73, 175),
Ti407; (64) and rutile (Ti0,)(66, 76) are illustrated in
figure 2.25-28. The main features of these band structures
are as follows:

i) Ti0: Since the titanium 3d band is partially filled
with electrons, metallic conductivity results (see figure 2.25).
ii) Tiz O3 : The titanium 3d band 1s split into 4
sub-bands. At temperatures below 400K the lowest sub-band
is filled with electrons and the higher sub-bands are
empty. Thus, Ti; O3 is semiconductive. At high temperatures
(>400K), some of the electrons in the lowest sub-band are
transfered into the next h;gher band. This is caused By an
anomalous increase in the c¢/a ratio of the lattice
parameters above 400K. In this case, the electrical
conduction becomes metallic (see figure 2.26).

iii) Ti,07: As mentioned in section 2.72, Ti,0, is one of
the Magneli phases. Thus, the CS planes exist periodically
in the rutile phase. The band structures were calculated
separately for the T13+ chains in the CS planes and the
Ti k'chains in the rutile phase (64) (see figure 2.27).

iv) Ti03: The oxygen 2s band is filled with electrons and
the titanium 3d level, which is ~3 eV higher than the top
of the oxygen 2s band, is empty. The impurity levels due to
the Ti interstitials, Ti>' ions and Ti2* ions are known to

be located in the band gap (76) (see figure 2.28).
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2.8 FRESNOITE

Fresnoite was discovered by Alfors et al (78) during
the course of a geological sfudy of the sanbornite deposits
in Eastern ¢{resno County, California in 1965. Alfors et al
revealed that Fresnoite had the chemical formula of
Ba 5515 Ti0Og (BST) and measured the crystallographic and
optical data: fresnoite has a tetragonal lattice of
a=8.52$0.012 and c=5.21010.053, and a refractive index of
1.775%0.003. They successfully synthesized BST from BaCOj3,
Si0, and TiO ; by sintering fér 5.5 hours at 1350°C (78).
This synthetic fresnoite was confirmed to have the sanme
X~-ray diffraction pattern as the mineral fresnoite. The
structure of fresnoite was analyzed in detail by Moore
(79), Moore et al (80) and Masse et al (81): the crystal
structure, interatomic distances and bond angles were
determined as shown in figure 2.29 and 2.30. In figure
2.29, the BST unit cell is projected onto the x-y (or a-b)
plane, indicating that fresnoite is centrosymmetric in this
Plane. In the vy-z (a-c) plane, however, fresnoite 1is
not symmetric. In 1970, Robbins (82) measured the
piezoelectricity of fresnoite, and poihted out that
the compound BaSiTiOg previously found by Rase et al in 1955
(83) did not exist but was a mixture of fresnoite and

BaTi,09 .A detailed discussion of the BaSiTiOg phase is given



27

in appendix D.

Using synthetically grown single crystals, Kimura et
al (84), Haussuhl et al (85) and Kimura (86) measured the
elastic, dielectric, piezoelectric, optical and thermal
properties of fresnoite. Halliyal et al (87, 88) and
Markgraf et al (89) analysed.the dielectric, piezoelectric
properties of glass ceramics of fresnoite. The
characteristics of surface acoustic waves (SAW) were
calculated for bulk fresnoite by Melngailis et al (90) and
Yamauchi (13), and for fresnoite thin films by Yamauchi et
al (14). Yamauchi et al concluded that a fresnoite thin
film whos¢ z-éxis was aligned perpendicular to a fused
quartz subsfrate might have not only =zero temperafure
coeffi&ient of delay’ (TCD) but also other useful SAW
characteristics. Therefore, fresnoite is expected to be one
of the potential materials for SAW devices. For an SAW
device material, a high electromechanical coupling factor
(k2 ) and a 1low TCD are required. However it is not
. Straightforward to find such materials. For example, LiNbO 3
has a high kz but its TCD is also high. On the other hand,
quartz has a neér zero TCD but kz is very small. Fresnoite
(Ba 3Si7TiOg) crystals have intermediate values for both Kk 2
and TCD (in comparison with those of LiNbO, and quartz).
Figure 2.31 shows the relations between k2 and TCD for
selected piezoelectric materials. For bulk piezbelectric

materials, a trade—-off relationship is observed between kz
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and TCD. It is, however, possible to design materials which
are free from this trade-off relationship. One of the
possibilities | is to control the composition of
pPlezoelectric ceramigs (6). Another way 1is to uﬁe thin
films with proper substrate materials, i.e. composite
materials (14).

Ayukawa (15) and White (16) investigated the
fabrication techniques of fresnoite (BST) thin films having
the z(or c)-axis perpendicular to the substrate material.
Both employed a triode rf sputtering technique. They
utilized a variety of substrate materials such as soda-lime
glass, fused quartz, (100) NaCl, (0001) mica, (111) Si and
(100) si, and a wide range of the substrate temperature
from room temperature to 650°C. However, all deposited
films revealed amorphous phases. Those thin films
deposited on fused' quartz substrates crystallized after_
annealing at 1780 °% 10 hrs in a vacuum, while the
crystallization temperature of those deposited on (100) Si
single crystal substrates was 700 C. Thus, it has been
Projected that higher substrate temperatures than 650 & are
required to obtain c-axis oriented thin films. White (16)
also revealed that the thin film composition was different

from the target composition.



CHAPTER 3
TiOy, THIN FILMS
3.1 EXPERIMENTAL PROCEDURE

3.11 TARGET PREPARATION

Disc-shaped targets of 2.5 cm diameter were cut

from titanium metal sheets of 2 mm thickness (99.7% pure

:Johnson-Matthey). Each target was polished by emery

papers (from #320 to #800 grit). Epoxy silver solder
(Dynaloy 336) was used to mount the target on a copper

target holder. The solder was dried at room temperature for

24 hours.
3.12 THIN FILM PREPARATION

The titanium oxide thin films were fabricated by means
of a reactive sputtering technique using a titanium metal
target in an rf-triode sputtering-deposition unit, as shown
in figure 3.1. The filament and anode were connected with a
Plasma discharge module. The electrons emitted from the
cathode (filament) were accerelated towards the anode. The

electron acceleration voltage was controlled by the plasma

29
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discharge module, while the power applied to heat the
cathode was controlled by the filament module. Once the
cﬁrrent between the anode and éathode was set at a certain
level, both the plasma discharge module and filament module
were automatically adjusted to maintain the current level.
To ionize the Ar gas (i.e. to form the "plasma"), the Ar
gas molecules were struck by electrons emitted from the
cathode (see figure 3.1]). The reactive gas (0;) was not
introduced in the sputtering source together with the
sputtering gas (Ar). This was because the filament which
was made of tantalum wire would be oxidized and eventually
burned out. Actually, the reactive gas was introduced
through a copper pipe ring with gas outlet holes installed
in the vicinity of the substrate: the flow of 0, being
concentrated on the substrate surface. To separate 02 gas
from Ar gas in the sputtering chamber a glass cylinder
((2) in figure 3.1) was placed above the target and an
aluminum foil with a hole ((3) in figure 3.1) was put on
the glass cylinder: The diameters of the glass cylinder and
the hole in the aluminum foil were 9.5cm and: 4cn,
respectively. The substrate—-target distance was set at 6cm.
Althoughaa higher deposition rate could have been achieved
if the substrate-target distance were set shorter (24), such
a ggometrical situation led to an instability of the plasnma.
The 0, gas inlet ring was located 4.5cm above the target

while the aluminum foil was 3.5cm above the target. Both Ar
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and 0, gas flow§ were individually controlled by the flow
controllers (Vacuum General: Model 80-4). The Ar gas flow
rate (FArf was chosen in the range of iz.o scc/min to 45.0
scc/min, while the 0, gas flow rate (Foz) was varied from
0.1 scc/min to 0.8 scc/min. A diffusion pump and a
mechanical pump were used to evacuate the sputtering
chamber. The background pressure (before sputtering) was
~1.0 X 10.6 Torr. A variable orifice was installed between
the chamber and diffusion pump. This enabled the pressure
inside the chamber to be controlled by changing the angle
of opening of the orifice. In the present experiment, the

variable orifice was usually fully-open. The pressures

inside the chamber were chosen from the range between 70 m

Torr: and 130 m Torr. Glass microscope slides (28at% Si, 8at%

Na, 3at%¥ K and 6lat% O) - were used as the thin film
Substrates. The 2.5 cm square shaped glass slide was cut
into four pieces and then cleaned in an ultrasonic cleaner
being immersed in ethanolr The four pieces were put back
together on a stainless steel substrate holder. A ceramic
heater (N.T.K.: AS 220C; S5cm x 5cm) and a thermocouple
(chromel~alumel, 0.5mm diam.) were attached to the
substrates. The substrate temperature (Tg) was varied from
room temperature to 380 °%Cc. Temperatures of 450 °C and 650‘%

were reached using a heater of a different type. Details of

this "high temperature heater” are given in section 4.12.
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3.13 THICKNESS MEASUREMENTS

To measure the thickness of a thin film using an
interferometer, a high reflectivity at the sample surface is
required. Neither Tiqx films nor the glass substrate do not
have a sufficiently high reflectivity. Thus aluminum was
thermally evaporated and deposited in a vacuum on each thin
film sample to obtain a reasonably high reflectivity. The
thickness from the substrate to the top of the film edge
was measured by an interferometer (Varian: quel 980-4000) .
The measurement was made at four different spots on each
sanmple. In appendix A, the values obtained by
interferometry are compared with those measured by a stylus
method (Dektak surface profilometer available at Surface
Science Western, University of Western Ontario, London,
Ontario).

The deposition rate increased as the power applied to
the Ti metal target was increased (in the range of 20 to 60
W/cm? ). The excess heat from the target can cause the
silver solder between the target and copper target holder
to melt even though the target holder is water cooled. If
if occurs, it leads to the detachment of the target from the
target holder. Taking into account the heat generated by
the target due to the Ar * ion bombardment, a power density

of 40 W/cm? was applied between " the target ' and the
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substrate throughout the present work.
3.14 PHASE AND COMPOSITION ANALYSES

All the titanium oxide thin films deposited on glass
substrates were analized by x-ray diffractometry. Since the
deposited films were about QOOOA . thick, the
diffraction peaks from the films were superimposed cn a
broad peak, i.e. amorphous peak, from the glass substrate.
| Thin films deposited at room temperature with an Ar
partial pressure (Par) equal to 70 m Torr were analyzed by
x-ray photoelectron spectroscopy (XPS) on an SSX-100
.Spectrometer (aﬁailable at Surface Science Western.'.
University of Western Ontario, London, Ontario) and on"a
PHI 550 ESCA/SAM system (available at Energy Conversion
Devices(E.C.D.), Troy., Michigan). A fully crystallized
sample was also examined at Surface Science Western. In
both cases, the compositions were analysed before and after
the surface of the sample was cleaned by Ar' ion bombardment.
The eroded depths in these samples were estimated at about
SOR in the Surface Science Western experiment and IOOR in
the E.C.D. experiment. The XPS data were analyzed to
determine the bond type and the composition using both
narrow-range scanning and broad-range scanning techniques.

The compositions of fully and weakly crystallized

samples were determined by Rutherford backscattering
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spectroscopy (RBS) (at Physics Department, Queen's
University, Kingston, Ontario). H * projectile ions were
.projectedupon the Tiox films with an energy of 2 MeV and
the energy and number of backscattered H* ions were
measured by a deteétor. In this RBS apparatus, the
scattering angle was set at 160.0° and the resolution was
14.00 KeV at the Gaussian full width half maximum. The
compositions of the thin films were analyzed from the
relative peak heights.

Some of the thin filr samples were also analysed by a
surface Raman scattering technique _using the a1880k
excitation lines of an argon—-rneon laser (available at the
Department of Chemistry and Biochemistry, University of
Windsor). Although a compositional analysis is not possible
in Raman spectroscopy, the aim of this particular study was

to extract short-range bonding information.

3.15 RESISTIVITY MEASUREMENTS

In order to study the electrical properties of the
titanium oxide +thin films, surface resistivities were
measured at various temperatures. Gold or aluminum
electrodes were deposited on the surface of the TiO, thin
films by a thermal evaporation technique in vacuum. The
geometry of electrodes and the electrical circuit are

Schematically shown in figure 3.2. An electrometer
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(Kiethley: Model 610) was used. The electrodes (a) and (c)
in figure 3.2 were fabricated so that the edge effect on
the current flow from (b) to (d) would be circumvented. A
schematic cross section of the resistivity measurement
apparatus is shown in figure 3.3. A Cu wire was mechanically
attached to the gold or aluminum electrode at the thin film
surface. The thin film was placed on a ceramic heater and
was heated up to 60 9. A maximum temperature of 60 °C was
chosen to maintain the crystallographic structural
stability of the deposited thin films as well as the
chemical stability of the thin film-electrode interface.
The resistivity behaviour above 60 & are shown in appendix
C. The thin film and ceramic heater were sealed in a copper
chamber fo prevent any electrostatic effects. The copper
chamber was then immersed in a liquid nitrogen filled
styrofoam cryo-box. This enabled the resistivity of the

thin films to be measured at temperatures as low as -191 °c.

The measured resistances varied from 3 x 102 to 3 x IOHQ

depending on the samples and temperature. The resistivities
were calculated under the following assumptions: (i) the
current flows —omogeneously in the titanium oxide film but
not in the subsaitrate material, and (ii) the current flow
was limited in the width of electrode (b) shown in figure
3.2. Resistivity values obtained using the above
assumptions ranged from as low as 3 X 10" am to as

high as 1 x 10 ®Om depending on the particular sample and
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temperature (91). (Note that the resistivity of soda
glass is~1 x 10''om (91)).

3.2 RESULTS AND DISCUSSION

3.21 DEPOSITION RATE

The deposition rate (Rp) was measured as a function of
oxygen gas flow rate (FOZ) and oxygen gas partial pressure
(POZ) for various fixed values of Ar gas flow rate (F ap)
and Ar gas partial pressure (Psp ). The results are shown in
figure 3.4. A change in the angle of opening of the
variable orifice resulted iﬁ different partial pressures of
O, and Ar, even though the flow rates of 0, and Ar remained
constant. This is due to the pumping speed in the chamber
being dependent on the angle of opening of the variable
orifice. All the samples used in figure 3.4 were deposited
at room temperature and at a fixed power density of
40 W/cmz.

The curves shown in figure 3.4 look similar. All show
that Rp increases with increasing F 0, ©°F Poz initially,
reaches a maximum, then decréases with any further increase-
in Fg, or Py, . This initial increase in Rp. due to
increasing Foy oOr Po, . did not show in some of previous
experimental data by Abe et al (121), Tanaka et al (7) or

Wu et al (92): their results showed a plateau instead of a
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hump. On the other hand, the results of Schiller et al (8)
and Geraghty et al (77) showed the hump in terms of Rp with
respect to sz . All of these film samples were fabricated
using an rf diode sputtering unit with the exception of
those of Schiller et al's which were prepared using an rf
pPlasmatron unit.

Schiller et al's study of the Rp-Pp, relationship was
more comprehensive. The deposition rate, RD‘ was measured as a
function of POZand the target-substrate distance. According
to their results, the height of the hump decreased with
decreasing target-substrate distance:. Therefore, it may be
concluded that the appearance of a plateau or hump depends

on the experimental set-up. This phenomenon has yet to be
fully explained.

The initial rise of Rp, with increasing F02 or POZ.
may be explained by the oxidation of titanium at or in the
vicinity of the substrate surface. Note that the ratio of
the specific volumes of bulk TiO, to Ti metal is 1.77.
Moreover, since thin-film sampies, e.pecially when they are
no'n—crysta'lline, have a lot of defects such as vacancies
and voids, their specific volumes are usually larger than
those of crystalline bulk samples. It should be remarked
that a pure Ti thin film fabricated at T4=80°C (and Pg, =0
Torr) was highly crystallized and showed a c~axis textured

structure.

The decrease in Ry with any further increase in F02 or
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Po after shnwing a maximum can be explained in two ways.
2 .

The first is the occurance of back diffusion (23). Because

P is constant, the F or P effect should be focused
Axr ‘ 10) . O2

2
upon. Since the 0, gas is concentrated within the vicinity

of the substrate (therefore Fozis more significant than Pg

2
in this set-up), the Ti atoms sputtered from the Ti target

undergo many collisions with 0, particles. If these
collisions are significant, the Ti atoms do not deposit on
the substrate but rather are deflected back to the target.
The second possibility is target poisoning due to O, gas
introduced for reactive sputtering. Once the target gets
oxidized, target poisoning occurs and Ry reduces to 1/10
of the maximum Rp value (7, 8, 77, 92, 93). The main
reasons for this are the 1lower sputtering yield and the
higher secondary electron emission of the compounds, and
the resulting energy consumption to accerelate these

electrons instead of to sputter out the surface atoms.

3.22 PHASE RELATIONS

3.221 X-RAY DIFFRACTOMETRY

The degree of crytallinity of and the phases present
in fourteen titanium oxide thin films which &ere fabricated
under various substrate temperatures (Ts ) and oxygen gas
flov rates (Fc2 ) were analyzed by means of x-ray

diffractometry. The results were summarized in figure 3.5
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as a "metastable phase diagram". The Ar partial pressure
(Ppr) was kept constant at 70 m Torr, except for Sample
(14) in figure 3:.5. The deposition condition and measured
thickness of each sample are listed in table 3.1.

The titanium oxide thin films deposited at T8$180°C
wefe all amorphous, while crystallizéd suboxides were
obtained for Samples (1), (4), (5) and (6). Sample (2) in
figure 3.5 deposited at T, =320°C and Fg,=0.2 scc/min was
determined to be a mixture of anatase and rutile phases.
Sample (3) fabricated at T.=380°C and F02=0.3 scc/min and
Sample (13) deposited at 'rs=650°c and Foz =0.6 scc/min
showed only a pure rutile phase. While a pure rutile phase
was anticipated for Sample (14) (since it was located in
tﬁe vicinity of Sample (13)). the actual result for Sample (14)
was a mixture Ef rutile';hd anatase ﬁhases. This was caused
by the. increase of P,, from 70 m Torr to 130 m Torr when
Sample (14) was fabricated. Thus, it should be noted that
the "metastable phase diagram” given in figure 3.5 is
strictly walid only for films deposited at Ppy=70 m Torr.

From figure 3.5, it can be said that the degree of
crystallinity increased with increasing T, at a constant Fo ’
or 1m...(,;'-~,62-:" at a constant T, (if T52180°C!. Also,
as both F°2 and T‘,‘increased, the oxygen content of all
non-amorphous films.increased. No information of the oxygen

content was obtained for the amorphous films (deposited at

Ts$180°C).
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The crystallization temperatures were measured fof two
amorphous samples deposited under the condit;ons of F02=0.1
and 0.3 scc/min holding PAr constént at 70 m Torr, i.e.
Samples (10) and (12). The samples were heated in air in
the temperature range of 200°C to 5§p°c. The increment of
annealing temperature was approximately 40°C. The period
for each annealing procedure was four hours. After each
annealing, samples were analysed by x-ray diffractometry.
The first sharp diffraction peak was observed in both
samples after anneaiing at 320°C. This peak was the 101
diffraction peak of anatase phase. According to Hse et al
(94), the ion—sputtefed film crystallized into a mixed
anatase-rutile structure on slow annealing and into pure
anatase with | fast annealing. On the other hand,
electron-beam evaporated films crystallized, at around 300

°C, always into anatase. The crystallization temperature of
320°C found in this study is close to this temperature of
300°.

Int order to determine <the compositions of the
amorphous thin films by x-ray diffraction techniques, three
amorphous Ti10, films, for which the values of x were
expected to be less than 2, were annealed in a high vacuum
in which Poz %) x 10°® n Torr. The P, Wwas measured by a
residual gas analyzer (Dataquad SMS). These three films
were those numbered (9), (10) and (11) in figure 3.5. To

prevent further oxidation but to enhance the crystallinity,
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a short annealing time and a high annealing temperature
were used: the three amorphous TiOx thin films were
annealed at 570°C for 1 hour in a high vacuum (of 1 x 10~
Torr). X-ray diffractometry revealed that all the three-
amorphous films turned into TiO, crystalline films. |
This may be explained thermodynamically by using the
Ellingham diagram (§5) as shown in figure 3.6. From this

figure, the reactions at 570°C occur as follows:

Ti + 02 - Ti02 4G9'=~190 kcal/mol Ti (3.1)
T4 + 303 ~3Ti305  4G3'=-178 keal/mol Ti (3.2)
Ti + 70, »3Ti303  4G$'=-164 kcal/mol Ti (3.3)
Ti + 303+ TiO AGQ'=-113 kcal/mol Ti (3.4)

where ( AG® ')'s are free energies of formation in the

standard states. Therefore, from eqs. (3.1) and (3.2):

3T1305 + 20, = Ti02 4GY'=-22 keal

or

2T130g + O =+ 6Ti0  4G] =-132 kcal/mol 0;  (3.5)

From eqs. (3.1) and (3.3i:

Ti,04 + %02 - Ti0, AGg'n-—aG kcal

NI

or

2 T1,03 + 0O =~ 4Ti0 AG, =-144 kcal/mol O (3.6)
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ﬁquations (3.1) and (3.4) give:

1 O
TI0 + 303 = Ti0 AG'=-87 keal

or -

2Ti0 - + 02 - 2Ti0 AG(=-174 kcal/mol 0O  (3.7)

In order to Jjudge the directions of the above
reactions, a straight line was drawn from the origin to a
point of 1.3 x 107¢ p; (=10"% Torr) on the Pg, scale in
figure 3.6 . It is observed in figure 3.6 that the cross
point of this line with a vertical line at 570°C (or 843 k)
is located (at aG=-40 kcal/mol 0,) above all the three free
energies of formation (per mol 0O, ) giv=n in Eqgqs. (3.5),
(3.6) and (3.7).This leads to the conclusion that all the
reactions'giveﬂ by eqs. (3.5)-(3.7) proceed towards the right
to form TiO,.Therefore, the amorphous TiO,'s were not able
to be crystallized without further oxidation when heated
even in a high vacuum chamber where the partial pressure of

oxygen was very low (i.e. 1 x 10-8 Torr).
3.222 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS).

X-ray photoelectron spectroscopy (XPS) techniques were
used to try to determine the compositions of TiO, thinr
films and the types of atomic bonds present in them. This

process was performed at Surface Science Western and at
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E.C.D.

A broad scanning XPS technique was employed to
determine the compositions of the TiO, thin films. Five
thin films were analyzed on their natural surfaces (as
deposited and exposed to air afterwards), and on fresh
surfaces obtained after approximately SOR of surface
material were sputtered off by "in situ" Ar’ bombardment
(for 3 minutes at 4 keV). The films examined had the
following deposition characteristics: amérphous TiO, 's
deposited at (a) T =80°C; Fg, =0 scc/min, (b) Ts=80°C: Po,
=0.1 scc/min, (c) T4=100°C: Fp,=0.2 scc/min, (4d) T,=120°C;
F02=0.3 sce/min, and (e) a fully crystallized rutile thin
film. All the films were deposited at P,,.=70 m Torr and
films (b), (c) and (d) were expected to have values of x
smaller than 2 for the TiO 4 formula._

In figure 3.7, the resultant titanium concentration
was plotted in terms of Foz. Open symbols signify the data
from the original surfaces while soiid symbols represent
the data from fresh surfaces created by 4 keV Ar* etching.
Figure 3.7 shows that the titanium concentrations in films
(b), (c), (d),and (e) were almost identical regardless
whether the surface was etched by ArT or not. Before

etching, all the films, except for film (a), had titanium

——

concent.;z';fions of 33+1 at¥%, whiqh was the same as the Ti0;
composition. This may imply that the surface layers formed

on films (b), (¢) and (d) may have been thicker than the
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removed surface layers (NGOX) and net completely removed by
the Ar+ bombardment. This situation is schematically
demonstrated in figure 3.8. Film (a) which was deposited
without reactive 0, gas, had a titanium concentration of ~45
at¥ inatead of 100 at¥. Figurg 3.7 also shows that the
titanium concentrations increased in all the samples after
Ar.’.etching. |
The fully crystallized specimen (e) was analyzed by
using a narrow scanning XPS techcique: the XPS spectrum at
fresh surface was obtained with respect to the Ar+
sputtering time, as shown in figure 3.9. XPS was performed
on the original film surfaces as well as on fresh surface
after one, two and three minutes of Ar" etching. After
three minutes of etching, about Sozbéf the surface material
was removed. (This is a rough estimation based on the Ar’
etching rate of SiO; (96)). The original surface gave
characteristic peaks at 458.5 eV and 464.3 eV, labeiled,by
A and B, respectively, in figure 3.9 which corresponded to
Ti-2p3,2 and Ti-zp]Jz electrons in Tioz (97). After the
Specimen surface was bombarded by 4 keV Ar*. two additional
weak peaks, (A' and B' in figure 3.9), appeared. The
intensity of these peaks, which were located at 457.3 eV
and 462.2 eV, inéreased. with sputtering time. Measuring
these energies relative to the oxygen 1s .level at 530.5 eV,
as shown in figure 2.10, 43 ,3.=73.2 eV and 4Ey,=68.3 eV were

obtained. The value of 4E,, is in good agreemeht with that
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-for Ti-2 Paf2 of Ti;03.(i.e. 73.4 * 0.3 eV) reported by
Sayers et al (98). The value of aEge probably corresponds
to the Ti-2 P1/2 electron of Ti,0,.

The narrow range XPS spectra of amorphous samples (b),
(c) and (d) were taken (at E.C.D. company) before and after
the "in situ® Ar* etching of thevsurface layer as deep as
100A (figure 3.10 for Sample (6)). The XPS peaks from the
original surfaces were identical with those for TiO0,, as
was concluded from the XPS data measured previously at
Surface Science Western. The Ti; 03 peaks which appeared in
the etched samples in figure 3.9 did not clearly appear in
figure 3.10. However, it 1s obvious that the shapes of
these XPS spectra were chahged by Ar+ bombadment.

The oxygen concentration of sample (c) was measured in
terms of sputtering time as shown in figure 3.11. The
original surface had an oxygen concentration of 67.2x1 atX.
Thé 0.5 at% excess oxygen content, compared to the oxygen
concentration of stoichiometric TiO; (66.7 atXx 02), is due
to an experimental error. As the Ar+ bombardment proceeded,
the oxygen concentration decreased at the fresh surface.
The new surface composition appeared to approach that of
T1203. Such reduction in oxygen content had been reported
Previously using XPS techniques (99, 100) and Auger
Electron Spectroscopy (101, 102, 103). Also, a crystallized
T1203 layer was discovered on the surface of a TiO, granule

by x-ray diffraction after the surface was etched by 30okgv
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Xe ions (104, 105). It should be noted that 4 keV Ar ions
were. used throughout the present surface cleaning. The
mechanism for the reduction in oxygen concentration may be
a preferential sputtering effect which removes more oxygen
atoms than titanium atoms from the TiO,; crystal to yield
bonds of T;203 type. The existence of bonds of Ti,04 type
or T13+ ions has been reported by a number of inyestigators

using various experimental techniques - XPS (98, 106-110);

Raman spectroscopy (73, 14, 111, 112);' energy loss

spectroséopy (113, 114), low energy electron diffraction

(LEED) (113, 114); ultraviolet photoelectron spectroscopy

(113, 114); and infrared spectroscopy (75). On the other
hand, Auger electron specfroscopy (AES) has provided no
evidence of the existence of bonds of Ti,03 type (103, 109,
113, 115, 116). This is probably due to the lower

sensitivity of AES in the investigation of the bond type,

as compared to XPS.
3.223 RUTHERFORD BACKSCATTERING SPECTROSCOPY

The compositions of selected thin film samples were

analysed by Rutherford backscattering spectroecopy (RBS)..
RBS has the following advandages: |

i) The compositions can be determined without any
Standards.
i1) The compositions can be mneasured regardless of
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crystallinity.
iii) The results obtained _from an RBS analysis are more
representative of the.bulk composition of the thin film: an
RBS analysis provides information from a depth up to 10 um,
while such a technique as XPS only provides information
from the surface layer of the thickness of few tens of
angstroms.

The compositions are determined from the heights or
intensities of the energy spectra. The intensity from an

atom of element I is given by the following relation (30):

i

h, = o, (E)QQ 8/[€ ] cos 8, (3.8)
where subscript "o" indicates corresponding -quantities
evaluated for an atom located on the surface.

04(Eg) : The average differential scattering cross

section between the projectile and the
sample evaluated at the incident energy E,-
Q: The solid angle spanned by the detector

aperture.

Q : The total number of incident projectiles
bombarding the sample. ‘
8§ : The energy width of a channel of the
detecting systen.
[Gohcos 0n The stopping cross section factor evaluated

at the surface for a given scattering
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geometry multiplied by the cosine of the
angle of incidence of the beam against the
sample normal.
All parameters in eq.(3.8) are apparatus constants except
g3(E, ) and [Eo];. both of which depend on elements. Therefore,
for the case of TiO, samples, the relative intensities of
the energy spectra for Ti and O can be calculated by
applying eq. (3.8):

ti:i = Opy (Eo) aqs / [eo]ﬂ. cos 8, (3.9)

hg‘ =g, (EJ Qs / (€ o cos 9y (3.10)

The total intensity of the energy spectrum for an element
is known to be linearly proportional to the total number of

atoms (30). Thus the ratio of the total intensities Hgiand

Hg for T1i and 0 is given by:

T

UTL (Eo) [Eolri G. -1_

i 3.
ao (Eo) [eolo x ( t

»

3

= 2+
o

Where x is the subscript for oxygen in TiO¢ . The ratio of
(€ 1's is normally within 10% of unity (31), and thus eq.

(3.11) may be approximated as:

T

Hy™ |, 9 (so) 1

- 5= - (3.12)
Ho co (Eo) x



49

The compositions of three thin film samples were
obtained using the relation given by e’q. (3.12). These
samples were prephared under different conditions: (1): Tg
=350°C, Fg, =0.1 scc/min, (3): T,=380°C, F,,=0.3 scc/minm,
(4): T, =250 °C, Fo, =0.1 scc/min (see figure 3.5). The
results of RBS analyses are summarized in figure 3.12 which
is a plot of the total intensity versus the energy of
backscattered particles. The symbols, (A), (B) and (C) in
figure 3.12 correspond to the sample numbers (i), (3) and
(4), respectively. The values of Hzi and Hg are taken as
indicated in these figure because the peaks from bxvgen and
titanium are superimposed . The scaj:tering cross section of
each element for a nt particle has been determined (31):
2.632 for Ti, and 0.3122 cmz"tor 0. The total intensities, u'{,‘
and.l-lg , were obtained by measuring the edge heights of thLe
spectra in figure 3.12. Substituting these values into eq.
(3.12), the compositions of the thin film samples were
calculated and the results are 1listed in table 3.2. The
analysed compositions of samples (3) and (4) are in good
agreement with those determined by x-ray diffraction
method. However, the result obtained from Sample (1) 'is
not ; the oxygen concentration of this sample is higher
than that estimated by an x-ray diffraction method. This
may be due to the presence of more than two phases

including Ti2 03 which may be the phase of the minimum

oxygen concentration as compared to other phases within the
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same sanmple. If phases other than the T1‘203 phase are amorphous

‘or present by an insignificant amount, they would not be

detected in an x-ray diffraction experiment.
3.224 RAMAN SPECTROSCOPY

The atomic bonding states of all the samples except
Samples (2)., (13) and (14), (as numbered in figure 3.5),
were studied by Raman spectroscopy. Since Raman
spectroscopy is a powerful tool for the analysis of the
bonding states including the short-range-order states, nany
studies  have been done on titanium oxides (73, 74, 111,
117-120). These works include studies of the kond structure
of Ti203 which. h;\s a metal-semiconductor transition of around
400°c (73, 74) and the thin film structure of titanium
Ooxides (111, 117-120).

Analyses were made for standard bulk materials of Tioz
(rutile), Ti0; (andtase) and Ti0O as well as for the
sSubstrate glass material at the Depai:tnent of Chemistry,
University of Windsor. In all insatances, a laser beam of 4880
X wavelength was | used as an incident beam. The standard
bulk samples of énatase and Ti0 were purchased from Cerac
(Milwaukee, USA) while the rutile sample was prepared by
heating the anatase sample at 1000°C for 36 hrs (c.f.
Tutile—~anatase transition temperature = 900°%c (77))., All

‘the standard samples were analysed by x-ray diffraction to
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reconfirm the structures. In figure 3.13-16, the Raman
Spectroscopy results are shown plotting the scattering
intensity with respect to the wave number (Ny ). Every
specimen possessecd specific peaks.' 'I'hé rutile sample showed
major peaks at N, =231, 444 and 608 cm~l . These peak
positions were in good agreement with those reported in

Exarhos work (117) (Nw—231, 444, 608 cm 1). (The peak at

Ny = 140 cn 1 in f:lgure 3.13 is due to the remained anatase

phase.)_MaJor peads at Ny=140, 393, 513, €37 cn ~1 for anatase
Sanple were also in gqoél agreement with those reported in
Exarhos' work (117) (N,=143, 390, 510 and 633 cm~l). (Note
that the peak at 194 cm! is due to Ar" ions in the laser
source.) The '1‘1203 phase is known to have peaks at N,=228, 269,
302, 347, 452, 530 and 564 cm ! acccording to Nemanich et
al (111), Eooradian et al (73), and Shin et al (74). To the
authqr's. knowledge no Raman spectroscopy results of TiO
have been reported. In the present study, only a single
Peak at N =463 cm~! was obtained for the TiO sample(figure
3.15). This peak , however, may be due to the bonds of 'riz 03
. tYpe in the surf—;::e layer of the TiO0O granule sample. The
Substrate glass material possessed a single broad peak at Ny
= 570 cm~!(figure 3.16).

The results of Raman spectroscopy for the titanium
Oxide thin tiln‘samples are shown in figures 3.17-27. The
numbers (1), (3) -(12) in the figures correspond to the
Sample numbers as assigned in figure 3.5. Specific peaks

wWere observed only in three of the samples, i.e. Samples

(1), (3) and (6). An x-ray diffraction analysis revealed
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thag Sample (1) had the T1203 phase while RBS results indicated
that it might contain different phases. The Raman peaks
from Sample (1) are located at N =354, 462, 546 cm~l . Note
that peaks at.354 and 462 cm~! are known to be from the
Ti,03 -phase (73, 74, 111). The 546 cm”1 peak may be due to
sSome othef phase. Three peaks were obtained tof Sample (3)
at N, =220, 442 and 609 cm'l, all of which were in good
agreement with those reported for rutile (117). The present
conclusion that Sample (3) is of rutile phase is consistent
with other experimental results by x-ray diffraction, XPS
and RBS. Sample (6) possesses a peak at N,=464 en~}, which
is where the Ti0O standard material has one specific peak.
Therefore, the Tig 01 structure in Sample (6) (as revealed
by an x-fay diffraction measurement) may have a bond common
to the bonds of Ti, 03 type which are known to exist along
the CS planes in Magneli phases (43).

| The samples other than the above three and the
Substrate gléss sanple showed no Raman peaks.'fhe possible
Teasons why peaks were absent include:

i) that these specimens are not Raman active,

ii) that the atomic positiona in the thin films are
totally disordered, e.g. the angles between Ti-0-Ti and/or
the lengths of Ti-0 bondings are randonm, and

iii) <that the TiO; thin films absorb the incident laser
beam.

Even in the amc?rphou.s materials, some short-range order

lust remain. Therefore, situation (ii) may not be the case.
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If situation (i) is correct, it is worthwhile to analyse
these samples by means of infrared (IR) spectrqscopy.
because IR and Raman spectroscopies | are usually
interdependent. Situation (iii) is quite probable since the
optical properties of TiO,'s depend on the oxygen content

28 mentioned in section 2.73.
3.225 COMPARISON OF METASTABLE PHASE DIAGRAMS

In this study, a metastable phase diagram of the
titanium-oxygen binary system was obtained as a plot of the
Substrate temperature (Tg ) versus the oxygen gas flow rate
(Foz), as shown in figure 3.5. Similar phase diagrams were
reported by W. T. Pawlewicz et al (5: 6) using thin film
Samples fabricated by an rf reactive diode sputtering
techn;que [figure 3.28(A)] and also by S. Schiller et al
(9) £ox sanples brepared by dc reactive plasmatron (planer
magnetron) sputtering ([(figure 3.28(B)]. The main features .

0f the pLase diagram shown in figure 3.28(A) are summarized
as follows: |

i) Crystalline TiO, phases are found when the oxygen gas
bPartjal pressure (Po—i) is higher than 10 m» Torr.

11) The anatase phase is found in a region of Ty from
200°C to 400°C and of Po"z__ from 10 to 50 m Torr.

1ii) The suboxide regions are not identified. (In the
suboxide region, the value of x for TiO, is less than 2.)

On the other hand, the phase diagram given in figure
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3.28(B) shows the following features:
i) Amorphous phases are obtained when T, is lower than

~50°C.

“i4) ‘At low oxygen gas partial pressgres‘(Poz<o.2 m Torr),
A4 suboxide region has appeared.

iii) A high anatase content ( 80%) is obtained in a region
of Ty from 150 to 250°C and of Pg, from 0.2 to 0.25 m Torr.

The major differences between phase diagrams (A) and (B)
are:

i) At low Ts's. diagram (A) shows a rutile phase, while
diagram (B) represents fine—-polycrystalline and amorphous
Phases.

i1) A suboxide region has: appeared only in diagram (B)
(for Poz's less than 0.15 m Torr).

iii) a ioox rutile region appears in both diagrams (A) and
(B) but in different T, ranges; T,>500°C in diagram (A) and
T4>300°C in diagram (B). |

Another important difference is that the oxygen partial
Pressure range use& for phase diagram (A) (0-150 m Torr)
Was much wider than that used for diagram (B) (0-0.45 m
Torr). However, this difference itself would not have a
Signiticant'influence on the geometry of the phase diagra;

Unless the ratio of the oxygen gas partial pressure to the

argon gas partial pressure (Po2 /Par ) 1s significantly
different.
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The phase diagram determined in the present study 1is
given in figure 3.5. As mentioned earlier, it is somewhat
sSimilar to phase diagram (B): a rutile phase has appeared
at high T,'s (>350°Cc) and high Poz's (>0.3 scc/min), and a
mixture of anatasg and rutile phases has been found at
medium T, (350°C) and Py, (0.2 scc/min). The suboxide and
amorphous phase fields have appeared inthis phase diagram.
However, the positions of these phase fields are different
from those in phase diagram (B). In diagram (B), the
boundary between the suboxide and "1‘102 phases were nearly
Vertical, that is, it occured at an almost constant oxygen
Partial pressure. In the present case this boundary was
drawn from a region of low oxygen flow rates and high
Substrate temperatures towards a region of high oxygen flow
rates and low substrate temperatures. Nonetheless, geheral
features of the phase diagram obtained in the present study
are in reasonable agreement with those of diagram (B)
Obtained for samples fabricated by meéns of a reactive dc
Plasmatron sputtering technique.

Phase diagram (A) 1looks quite different from both of
these diagrams. This difference may be attributed to the
difference in the thin film preparation techniques. For the
Case of the present triode-—-sputtering source, the Ar plasma
is initiated and maintained even at lower Ar gas partial
Pressures than those required for the case of a

diode-sputtering source. This is due to ‘bombardment of the
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Ar gas by the electrons emitted from an independent
filament and accelerated by the additional anode(see figure
3.1). Moreover, the plasma is coﬂfined and concentrated in
the vicinity of the target due to geometrical design and
magnet wélls of the present triode sputtering source. The
Ar plasma is alsoc concentrated in a plasmatron (or planar
magnetron) because a magnetic field confines the electron
movement Jjust above the target (see section 2.42). Thus in
these two sputtering methods, the total Ar gas pressure can
be kept at a lower level for initiating and maintaining the
Plasma than in a diode sputtering method. It is plausible
thgt both the phase diagrams obtained in the present study
and diagram (B) are those for low Ar partial pressures,

wWhile phase diagram (A) is one for a high Ar partial

Pressure .
3.23 RESISTIVITY

The surface resistivities were neasured to study the
relationship between the electrical conduction mechanisms
and phases. The surface resistances of all the samples
shown in figure 3.5, except for two specimens (13) and
(14), were measured in the temperature range from -191° to
60°C. The minimum temperature -191°C was obtained by liquid
Nitrogen. As mentioned in section 3.15, the higheat

temperature of 60°C was determined to assure the stability
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of the resistance during the measurement (see appendix C).
The resistance was measured on the way both heating up and
cooling down. The data obtained either ways agf-e’ed

reasonably well. Resistances were converted to resistivities

with. the assumption that the electrical current passed
uniformly through the entire films without any leakage (No
electrical conduction was assumed through the substrate
haterial, i.e. a soda-—-1lime glass). Note that the
resiastivity of a typical soda-lime glass is il .x 1011 Qm
(91), while the resistivities of the thin film samples of
Tioz were anticipated in the range between 3 x 10°¥ nm and
1 x 10° Qm. As discussed in section 2.2, the following
electrical conduction mechanisms are considered to be most
Probable in the presenmt TiO, film samples because they
showed semiconductive behaviors:

l1)the Boltzmann mechanism (18):

| f:-/om_ exp (T, 1 T)

(3.13)
2) thejolfi?n 'nechanrism (21)
P =Py, exp (1 { D (3.18)
3)the Métt n.xechani“sx-l!.m(»_l'a.)‘ _
P=foy P (To / T)?lh - (3.15)

In these equationsf_'s and Ta's are constants. As

mentioned in section 2.2, even if the Boltzmann mechanism
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is dominant, the three kinds of activation energies are
possible to fit in eq. (3.1) depending on the temperature
range. In the temperature range, i.e. from -191°9C to 60°C,
employed in the present | experiment, only one
‘activation energy may be assumed for the Boltzmann
mechanism. This assumptioh was also employed by Meaudre et
al (122) and Mott (123, 124).

The constants for eqs (3.1)—(3.:_%), e.g. Pol , Ta, etc,
were determined with the experimental data of Q versus T by
means of the least square method. The mechanism which
Yielded the minimum “standard deviation’ was chosen as the
most probable one for each _sanple. The definition of the °
“standard deviation" and error. analysis are given in
appendix E. The resultant curves of A versus T for the
three mechanisms are given in figures 3.29, 31 and 30 for
Samples (3), (6) and (9), respectively. The regions for the
three conduction mechanisms are identified in the Tg versus
Paé plane as shown in figure 3.32. Only Sample (3) was
found to obey a Boltzmann mechanism. Since it was fully

Crystallized, it is reasonable for Sample (3) to have a

—— e . | s

conduét:lon mechanism of the Boltzmann type. Samples (2) and
(6) were found to fit the polaron mechanism. All the other
Samples were determined to have conduction mechanisms of the
Mott type. The band structure of a rutile ('1'102-) single
Crystal is well established (66). The band gap energy- between
Valence and conduction bands is~3.0 eV (66, 125). On the

Other hand, Sample(3) in this study indicated an activation
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energy of only 0.11 eV. This result, however, agrees well
Witli Tanaka et al's work (7). In their investigation, '1‘:102
thin film samples were fabricated by a reactive rf
Sputtering technique and an activation energy of 0.1 evi
was obtained from resistivity measurements. The activation
energy calculated from the optical absorption coefficient
data was 3.15 eV which was in good agreement with the known
Value for the band gap i.e. V3.0 eV. The resistivity is
controlled by the impurity levels located in the band gap

Caused by various types of crystallegraphic defects. An

activation energf( of 0.11 eV may be due to interstitial Ti

ions (76). The values of T, determined for all the samples
using eq. (3.3) are plotted as a function of Tg and FOZ in

figure 3.33.Parameter, 'ro is defined as follows (18):

1/4
T =C t a /N (Ep) K ] (3.4)

Where N(EF) is the one—-electron density of states at the
Fermi 1level, RF' X 1s the inverse of the localization
length of the one electron wavefunctions, k is the Boltzmann
Constant, and C is a constant approximately equal to 2.
Thus, the increasing of T, means either the shortening of
localized length or increasing the N(Ey) or both dominant.
In figure 3.33, the open circles represent the data for
Samples (2) and (6) for which the polaron mechanism seens

to be governing and therefore the two data points deviate

from the general tendency for other data points. In
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general, the values of T, are larger for the thin films
deposited at lower values of T4 and/or F, . For the case of
amorphous Si, both the resistivity and T, increase with
increasing the amount of doped Au (124). Yamaguchi (126)
however, cbnclﬁded that this was mainly attributed to
de;:reasing of N(BF) because the} energy levels near the Fermi
level due to dangling bonds are reduced by doped Au atoﬁs. The
results given in the present study may indicate that the‘thin
films depo#iféd at lower T _ and/or F°2 have smaller N(E[)
and/or localized length, or both.

The results of the resistivity measurements are
Summarized in figure 3.34 as a plot of log P versus (I/T}/é.
Nu@bers (1)-(12) in the figure correspond to the specimen
Numbers assigned in figure 3.5. For Samples (4)-(12), Ts is
A more significant variable than Foz . l.e. the resistivity
data for those deposited at the same T, but at different

l"OI-Z’sbehave similarly. On the other hand, the resistivities
Of thin films (1)-(3) deposited at a high T, (~350°C) were
found to range widely in figure 3.34. This may be ascribed
to the fact that Samples (1)—(3) have different degrees of
Crystallinity and different conduction mechanisms, i.e. the
Mott,  the polaron and the Boltzmann mechaniam,
fespectively.. Ail | the.' samples (1)—(123. ” show'
Semiconductive behaviour, i.e. the resistivity decreases .
With increasing temperature. As mentioned in section 2.74,

o e m——t— 1 ¢

='111‘gm1”e“'clzr:yﬂn:als of Tio po-ssess the metallic ten{perature
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dependence of resistivity. However, Sample (4) exhibits
semiconductive behaviour. This discrepancy may be

attributed to the fact that the thin film was weakly

crystallized or partially anérphous. Therefore, its band
Structure may not be exactly the same as .that of single
Crystal TiO. The thin films deposited at low T, show higher
resistivities (see figure 3,34). This may be explained by
the hopping'conduction mechanism. Since the electrons need
Phonon assistance to jump from one site to another in the
hopping mechanism, they cannot move right across the
Specimen. This mechanism may be more significant for the more
atomically disordered samples which correspond to those
deposited at low‘temperatures.

Although the values of T, st:ongly depended on the
deposition conditions, the compositions of Samples (7)-(12)
Were not able to be identified by x-ray diffractometry, XPS or

Raman spectroscopy.



CHAPTER 4

Ba 251 , Ti0Og THIN FILMS
4.1 EXPERIMENTAL PROCEDURE

4.11 TARGET PREPARATION

Ba-Si-Ti oxide thin films have been fabricated from
Ba , si ; Ti03g (BST) ceramic targets by means of a triode
reactive sputtering technique in the rf modg (15, 1&, 127).
The following difficulties have been encountered in the
fabrication process of near stoichiometric BST thin films:
i) During. the process of sputfering at a high power

levgl, ceramic targéts wez:e heated and then cracked into

Small pieces by thermal stresses.

i1) wWhen the power level was lowered, the sputtering rate

declined to a low level, which required a long sputtering
time for the sample preparation.

1ii) The relationships between the compositions of the
targets and the deposited thin films were 1n§est1gated (16)
and a particular composition for the target ceramic was
Predicted so that the composition of the thin films

fabricated from the ceramic target might be close to

Stoichiometry. However, the ceramic of the predicted

()
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composition was not successfully sintered (16).

If metallic (instead of ceramic) targets are utilized
these dif;{gnltiggnggy_pe removed because metals are good heat
conductors and ductile materials. Therefore, an attempt was
made to fabricate metallic targets. Three different types
of metallic targets were prepared: (I) a composite of BaSiO3A

(ceramic) and Ti (metal) designed as shown in figures 4.1
(A) and (B), (II) a pressed powder disc consisting of a
mixture of Ba0 (ceramic) and TiSi5 (metallic) powders, and
(II1I) a pressed disc of a Ba-Si-Ti alloy powder. In the
fabrication of a target of type (1), BaSi0o, was fabricated
by mixing BaCO3 and Si0 45 powders to stoichiometry and:
calcining the mixture at 1200°C. (The calcining temperature
of 1200 °C was determined by monitoring the phases in the
mixture by x-ray diffraction). Then, the BFasiO , powders was
Pressed and sintered in air into a disc of the diameter of
20 mm band a thickness of 1.2 mm at 1350°C for two hours.
At the center of a titanium metal disc of the diameter of
25.4 mm and the thickness of 2 mm, a hole of the size of
the sintered BaSi0 45 disc was made as shown in figure 4.1
(A). The BaSiO3 ceramic aisc was pushed into the hole
Oon the titanium disc as shown in figure 4.1 (B). In order

Y0 prepare a target of type (II), TiSi, and BaCO, powders

Were first mixed to the ratios of Ba:Si:Ti equal to 2:2:1.

The powder mixture wa~ the calcined in air at 900°C for

four hours. The powder was pressed into discs of 25.4 mm



64

diameter which were then sintered in an Ar atmosphere at
930°C for four hours. A Ba-Si-Ti alloy target (of type
'(III)) was prepared as follows: |

1) Barium metal granules and TiSi, powder were weighed to
shoichiometic compositions, i.e. Ba:Si:Ti=2:2:1.

2) They were melted together in an alumina crucible by
means of a vacuum induction furnace (available in the
Department of Engineering Materials).

3) The alloy ingot was ground into powder which was then
Pressed into é disc of 25.4 mm diameter.

4) The disc was sintered in an Ar atmosphere at 950°C, (The
diameter of the sintered disc was reduced to 24.0 mm).

The target discs of all the three type’s were mounted on

Copper target holders as mentioned in section 3.11.
4.12 THIN FILM PREPARATION

An attempt was made to rearctively deposit BST thin
films on (100) silicon substates by means of an rf triode
Sputtering source. It should be stressed again that (001)
Oriented BST thin films are required to obtain
Plezoelectricity. The same sputter-deposition arrangement
a8 mentioned in section.s.lz was employed. (100) silicon
Single érystal wafers wer= used as substrates because of
the following reasons:

1) (100) Si has a good lattice matching with (001) BST if
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direction [010] or [001] on (100) Si is parallel to [100]
or [010] on (001) BST. That |is, since the lattice
parameters of - Si and BST in the (001) plane are
respectively 5.45 A and 8.52 K. three units of the Si
lattice parameter make up 96% of the BST lattice parameter.

i1) If surface acoustic wave (SAW) devices can be

fabricated using BST thin films deposited on Si substrates,

there is a possibility for use in integrated circuits (IC's),

since the;?ase naterial of commercial IQ's is si.

iii) since it has been expected that a high substrate
temperature (~700°C) is required to obtain a c-axis
oriented BST thin film (15, 16, 127) the substrate material
should have a high melting point.

‘'Prior to being set in the sputtering chamber, the Si
Wafer was placed in a 5% HF solution for 10 ;hinutes in
Oorder to remove the oxide layer on the surface. The wafers
‘Were then washed with distilled water and ethanol, and
dried.

A substrate heater which can reach temperatures as
high as 800°Cc was designed for reason (iii) stated above.
This heater was modified from one originally designed
for the substrate heater in a molecular beam epitaxy (MBE)
unit (136). Tantalum wire was used for the heating element,
and a frame cover was made of 0.5 mm thick stainless steel
Sheet. Figure 4.2 shows the relationship between the

Applied power and achieved temperature.
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4.13 THICKNESS MEASUREMENTS

The thin film thickness was measured by means.ot an
interferometer. ‘The same process as described in section
3.13 was used. The deposition rate, RD' was in the rahge of
200 to 1000 ;/hr, depending on the power level (of 10 W/cn2
to 20 W/cnz).applied to the target and the partial pressure

of Ar gas (of 85 m Torr to 150 m Torr).
4.14 PHASE AND COMPOSITION ANALYSES

The composition of target material was analysed by an
energy-dispersive x-ray analyzer (KEVEX) attached to a
SCanning electron microscope (SEMCO Nanolab 7) availahle at
the Department of Engineering Materials, University of
- Windsor.

For the composition analysis of BST thin films, KEVEX
Was not used because both the thin film material and the
Substrate material confained a common element, Si, and tﬁe
depth of x-ray signals for analysis was estimated to be
larger than the +thin film thickness. Instead, an XPS
fQChnique was employed since only a few surface layers were
Tesponsaible in this analyticali technique (135) (XPS

teChniques were previously discussed in section 3.222).
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4.2 RESULTS AND DISCUSSION

5.21 METALLIC TARGET PREPARARTION

Three types of "metallic" targets (termed Targets I,
II and III) were fabricated for reactive 'Sﬁuttering of

barium-silicon-titanium oxide thin films.

Target I
A composite target was prepared by embedding a BaSi0,
Ceramic disc at the centre of Ti metal disc. The BaSi0,

Ceram;~ was sintered from a mnixture of Baco3 and Sio2

Powders.

The stoichiometrically weighed powders were mixed-
thoroughly by mortar and pestle énd heat treated for 4 hrs
at three different temperatures, 1900, 1100 and 1200°C. The
mixture was analyzed by x-ray diffractometry after each
heat treatment. The following phases were identified: BaCO 4
and BaSiO, after heating at both 1000°C and 1100°C, and BaQ

and BaSi0y after heating at 1200°C. Thus, at 1200°C,

mpp——

Calcination was conplefed. It appeared less Si was
found in the calcined powder than  stoichiometic

Basjo, according *o the x-ray diffraction results.
This implies that a certain amount of Si, possibly

in an amcrphous Si0, form, was undetected by x-ray



68

diffraction. The powder was then pressed into 20 mm
diameter discs with a 1000 MPa pressure and sintered at
1350 °c for 2 hrs. An x-ray ‘diffraction analysis revealed

that the target was made up of the BaSi0, phase only.

Target II

Ba0 and Tisi, powdérs were mixed and pressed into a
disc shape. This disc was sintered at 930°C for 4 hrs in an
Ar atmosphere. It was expected that grains of BaO powder
{the melting point of which is 1923°C (128)] were cemented
by sintered 'l‘iSi2 [the melting point of which is 1540°cC
(45)]. However, the discs were still friable powder after this
Sintering and they swelied up during the'x—ray diffraction
heasurement. This may be caused by the following reaction
Of BaO with moisture:

BaO + azo - Ba(OH)z

"Thus, Target II was too unstable to be used for

Sputtering.

Target ITI

An alloy containing'Ba. S1 and Ti with ah atomic ratio
Of 2:2:1 respectively was successfully prepared by melting
in a vacuum 1nduc;ion furnace (available at the Départment
of Engineering Materials, University of Windsor). TiSiz
Powder was placed at the bottom of an 51203 crucible {of

4 cm diameter and 9 cm hight). Granules of barium metal,
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stored in mineral oil, were placed on the powder to help
the 0il evaporate more easily. The melting conditions in
terms of time ﬁnd temperature are given in figure 4.3. Note
that the total 1length of the period when the temperature
was kept higher than 1000°C was 10 mins in order to

homogenize the melt.

——

The ingot obtained was analyzed by x-ray
diffractometry and was found to contain phases of BaSi and
T1 5Si4 along with small amounts of some unidentifiable
Phases. The ingot was quite brittle and easily broken with
@ hammer. The pieces of the ingot were ground into a powder
with a mortar and pestle. The ground powder was pressed

into a disc with an axial stress of 1000 MPa.

The phase diagrams of binary systems, Ti-Sli and Si-Ba,
are shown in figures 4.4 and 4.5 respectively. The phase
'diagram of the Ba-Ti system has not been reported, as of
Yet. Since this bulk material, i.e. the ingot, mainly
Contained two intermetallic compounds, BaSi and TigSi 4., the
Sintering temperature of 950 °C was chosen taking into
account the melting temperatures of the two phases. After
Sintering, the discs had a good solid. disc shape. X-ray
diffraction revealed that the major phases in the sintered
targets were BaSi, and TigSij. However, both BaSi, and BaSi
are very reactive with water: |

| BaSi,+2H,0 - Ba(OH), +251+H,T

BaSi+2H 0 - Ba(OH)z+Si+H 2?
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The resultant phases were confirmed by X-ray

diffrac_tpmetry. Thus, both the ingot and the sintered discs

Rust be stored in dry air or vacuum.

'4.22 DEPOSITION RATE

The thicknesses of BST thin films deposited from .a
target of type III (as defined in section 4.11) were
measured as a function of the power density applied to the
target (W), and the Ar gas partial pressure (PA:- ). The
Oxygen gas flow rate (Foz) and the substrate temperature
(Ts) were kept constart at 0.2 scc/min and 70° ¢
respectively, during the thin film deposition. The results
are jllustrated in figure 4.6 where letters (a), (b) and
(¢) correspond tc the sample names: Sample (a) was
deposited at W=10 W/cm? and P, =150 m Torr; Sample (b) at
W=10 W/cm2 and P,,=115 m Torr, and Sample (c) at W=20 W/cm2
and P,. =85 m Torr. The deposition rate (Rp) increased
either. with decreasing P,. or with increasing W, as
eXpected from a pure titanium metal target. (Detailed
discussion of puire Ti thin film fabrication is given in
appendix B.) T is behaviour of Rn may be explained in "a

Parallel manner as in Appendix B, taking into account the

kinetic energies of the sputtering gas molecules and the

"back-diffusion" effect (23).
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4.23 COMPOSITION AND PHASES

The phases, surface topography and composition of the
thin films deposited from Target I (as described in section
4.11) were analyzed using x-ray diffractometry, SEM and
EDXA (Kevex).

As previously described, Target I was a ceramic-metal
Composjite target. Thin films were sputter deposited from

this target for 8 hours under the following conditions: W=9

2

wW/em©, Fpr =44 scc/min and T =220 °c. Oxygen gas was nhot

introduced into the chamber. The applied power density was
the maximum allowed to maint in a steady pla'sma.‘ The
Post-sputter target is shown in figure 4.7. Many thermal

Cracks can be seen';n the ceramic portion.

The thin films were analyzed by x-ray diffractometry
~and were found to be amorphous. An SEM photograph of the
film surface topography is shown in figure 4.8. Small
grains (~10/.mq>) are scattered on a smooth background. The
Composition of these grains and the smooth surface were
dAhalyzed by EDXA. The results for grains and the smooth
Surface are shown in figure 4.9(A) and (B), respectively.
The positioning of the peaks in figure 4.9(A) is very

Similar to that of BST (15) shown in figure 4.10. The



72

Si substrate as well, the composition of the smooth surfacg

was not able to be determined.

The phases, surface topography, and compositions of
three thin film samples, (a), (b) and (c), deposited under
different conditions, using Target III (which was described
in section 4.11) were analyzed by means of x-ray
ditfractomefry, SEM and XPS. The aputter—-deposition
conditions of Samples (a), (b)), and (c) were given
Previously in section 4.22. X-ray diffractometry
sShowed thses thin films to be amorphous. (Note that
the substrate temperature was kept constant at 70°C
during the preparationot all the three samples.)
Two additional thin films were prepared for the
Structural analyses under the same deposition conditions as
those for Sample (b) other than the substrate temperatures.
Both samples deposited at T, = 450°C and 500°C were also
found to be amorphous. Thus no crystallized as-
deposited thin films were obtained with the substrate
temperature leas than 500 °C. SEM micrographs of the thin
film surfaces can be seen in figures 4.11 (a), (b) and (c).
The surface of Sample (b) had portions which flaked off,
While the surfaces of the other'two films were very smooth.
This flake-off was due to the improperly cleaned substrate
Surface (for Film (b)). In figure 4.12, the compositions of
5an§les (a), (b) and (c) determined by means of XPS were

Plotted as a function of the applied power density, W, and
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the Ar partial pressure, Py, . The XPS data was corrected
using the factors determined by White et al (127) for the
individual elements in the Ba-Si-Ti oxide thin films.
Correct ratios of Ba:Si:Ti were obtained in such a way that
the correction factors (1.15 for Ba, 0.562 for Si, 1.18 for
Ti) were multiplied by the atomic ratio obtained from the XPS
analyses. The relative concentration of Ti increased while
the relative concentration of Si decreased, with decreasing
PA: or increasing W. These figures clearly show that the
chemical composition of the thin film can be. altered by
varying PAr and/or W. This may be ascribed to the
characteristic dependences of the sputtering Yvields for
individual elements on the incident particle energy and/or
the "back-diffusion" effect (23). When Ppr 1is reduced, the
Plasma density decreases and the accelerating energy of Af+
ions increases because of the constant power (not voltage)
Supplied to the target. Since the sputtering yield of each
elemeht depends not oniy on the energy of the incident
Particle (130) but also on the size, mass and bonding
€energy of an atom of the element, the composition of the
thin film can be altered by changing the applied power
level. For the case of "back-diffusion", the atoms knockgd
out of the target undergo collisions with the particles in
the plasma and then are scattered with a wide range of the
Scattering angle, and some of them may go back to the

target (23). The efficiency of back-diffusion is also
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dependent upon the particle size, mass, and kinetic energy of

the ejected atoms as well as the plasma density. This

means that, even within the "back-diffus;on“'mechanism. the
Composition shift in the deposited film (when Py, and/or W
are changed) can be explained.

Using the data of the sample (c) shown in figure 4.12,
it is projected that the stoichiometric Ba,Si,TiO 4 may be

2772
sputter deposited from the Ba-Si-Ti metallic target whose

Compositions of Ba:Si:Ti are equal to 2:1.9:0.7. Other
Sputtering conditions should be W=20 W/cm<, Ppor=85 m Torr,
Foz=0.2 scc/min and Ts=TO°C. These conditions, however, are
not those for obt;ining'c—axis oriented Ba2512T108 thin films.
Much higher substrate temperatures (>'IOO° C) are required

for obtaining such oriented thin films as discussed

elsewhere (15, 16, 127).



CHAPTER 5

SUMMARY
5.1 TITANIUM OXIDE THIN FILMS

Ti0, thiﬁ film# were reactively sputter—deposited from
titanium metal targets onto glass substrates, wusing
Substrate temperatures of 80°C to 650°C and oxygen flow
rates of 0.1 scc/min to 0.8 scc/min. The sputtering was
accomplished with a triode source operated in the rf mode.
The fabricated thin films were 'charécterized by x-ray
diffractometry, X-ray photoelectron’ sﬁectroscopy,
Rutherford backscattering spectoscopy, Raman spectroscopy
and resistivity measurements.

From x-ray diffracticmn of the films, the following
Crystalline phases were 1identified: TiO, Ti 203, '1‘1407.
Tig0y; , anatase (Ti0,), and rutile (Ti02). Some films were
believed to conaist of a single phase and others to contain
two or more phases. The phase relationships in the
individual samnples were summarized in the "metastable phase
diagram" constructed by plotting the substrate temperature
Versgs the oxygen flow rate. This diagram clearly showed
that: (a) for a fixed oxygen flow rate, both the degree of

Crystallinity and the degree of oxidation increased as the

Ic
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substrate temperature increased and (b) for fixed substrate
temperatures above 200 °C. the crystallinity and oxidation
increased as the oxygen flow rate increased. For substrate
temperatures below 200 °C. the deposited films were t.ound.to
be amorphous. It should be noted that the crystallization
temperatures of amorphous films fabricated under different
Conditions of substrate temperature and oxygen flow rate
Were all about 320%.

X-ray photoelectron spectroscopy of the as-deposited
films appeared to indicate that the films were all of the

rutile composition, regardless of the deposition

Conditions. Such a situation would suggest the presence of

a fully oxidized surface layer of about 5 'nm thickness in
Which the T1i:0 ratio equaled 1:2. For a rutile sampie,
in-situ argon ion etching seemed to cause the formation of
Ti50 3 bonds.

The compositions of selected samples analyzed by
Rutherford backscattering spectroscopy were in reasonable
agreement with the x-ray diffraction results. Raman
SPectroscopy also confirmed these data for Ti03, anatase,
and rutile for which Raman spectra had been published.

The resistivitieas of the films were measured over the

- temperature range of -191 °c to 60 °c. Even at one given

temperature the measured resistivities ranged widely (from
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3x10 to 1:1060 m at room temperature, for examplé). Using
Simplified assumptions, electrical conduction mechanisms
Were determined for individual samples. The fully
Crystalline rutile sample was found to follow the Boltzmann
Rechanism, while all the ambrphous samples and some of the
Weakly crystalline samples followed the Mott mechanism.
Most of the samples containing suboxide phases seemed to
obey the polaron mechanism or a mechanism intermediate

between the Boltzmann and the Mott. Thus, a clear

Correspondence between the mapping of conduction mechanisms
and metastable phases was established. It should be noted
that the rutile sample gave an activation energy of 0.11 eV

for the Boltzmann process which probably corresponded  to a

1npurity level due to interstitial Ti ions.

5.2 Ba-Si-Ti METALLIC TARGETS FOR REACTIVE SPUTTER
DEPOSITION OF THIN FILMS

Three types of metallic targets (one of which was a
Ceramic-metallic composite disc) were prepared for reactive
SPutter deposition of barium-silicon-titanium oxide thin
f1lms. The most useful of the targets was a metallic powder
disc (sintered at 950°C in an argon atmosphere). The two
Rajor phases in this disc were BaSi, and TigSi,. The powder
for this disc was prepared by mixing weighed quantities of

bariun granules and Si,Ti powder <o give the following
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ratios of elements: Ba:Si:Ti = 2:2:1. The resulting mixture

was induction melted at 1250°C.

5.3 Ba2S512Ti0g THIN FILMS

Thin films were reactively sputter deposited from the

sintered target (described in the previous section) onto

(100) Si substrates. The sputtering parameters controlled

Were - (1) rf power density applied to the target (in the

range of 10 W/cm2 to 20 W/cmz). (ii) argon gas flow rate (6

Scc/min to 23 scc/min), (iii) oxygen flow rate (0.2 scc/min

to 0.5 scec/min), and (iv)

substrate temperature (709C +to
o

All of the resulting films were amorphous. Relative
amounts of titanium and silicon in the films were monitored

by x-ray photoelectron spectroscopy. It was found that as

the argon gas partial pressure decreased and/or the applied

rf power density increased, the relative amount of titanium

in the films increased and that of silicon decreased. By

the conditions under which

Stoichiometric Baj Si2TiO8 thin films would be deposited

extrapolating the data obtained,

from a Ba-Si-Ti metallic target using the present

Sputtering system may be predicted as follows:

i) metallic target composition, Ba:Si:Ti = 2
0.7

ii) rf power density = 20 W/cm 2
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i1ii1) argon gas partial pressure = 85 m Torr
iv) oxygen flow rate = 0.2 scc/min

o
V) substrate temperature = 70 C



CHAPTER 6

CONCLUSION

1) A "metastable phase diagram" was obtained to show the
phase relationship in titanium oxide thin films in terms
of the substrate temperature and the reactive oxygen gas
flow rate or the correéponding partial pressure of the
oxygen gas. The titanium oxide thin films were reactively
sputter deposited on the glass substrate at a fixed

partial pressure (i.e. 70m Torr) of the sputtering argon

gas.

'2) A diagram of the ©plausible electrical conduction
mechanism for titanium oxide thin films was constructed.
The electrical conduction mechanism seemed to be
dependent on the degree of crystallinity:

Boltzmann mechanisa - fully crystalline rutile film
Polaron mechanism -~ partially crystalline films
Mott mechanism — weakly crystalline and amorphous

films
3) A metallic target containing Ba, Si and Ti with the

compositional ratios of 2:2:1 was successfully prepared

for reactive sputtering-deposition of barium-silicon-

=¥
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titanium oxide thin films.

The relative concentration of .silicon in the sputter-

deposited barium-silicon-titanium oxide thin films
decreased and that of titanium increased, with decreasing
the partial pressure of the sputtering gas (Ar) and/or
increasing the sputtering power density.



CHAPTER 7

RECOMMENDATION FOR FUTURE RESEARCH

1) The optical constants of the deposited titanium oxide

films should be measured in terms of their compositions.

2) High resolution transmission electron microscopy studies

should be carried out to directly identify the phases in

the titanium oxide thin films.

3) Since phases of some thin films can be changed depending
on the tpickness, the "metaét;bie'phase diagram" constructed
in the present study may depend on the thickness. Therefore
the diagram should be reconfirmed by using the samples
which have different thicknesses.

«———- sap— - ¥ em— -— .

4) To obtain information about short range order states,
infrared absorption analyses should be done on the titanium

Oxide thin films, which showed no clear Raman spectra in the

Present study.

5) A metallic target whose constituents are Ba, Si and Ti

of the respective atomic ratios equal to 2:1.74:0.67 should

be fabricated and sputter-depbsited with the power density

82
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applied to the target of 20 W/c:m2 ., in order to obtain
stoichiometric Ba2512T108 thin films.

6) To control the crystallinity of Ba, S1,Ti0g thin films,
high substrate temperatures (~700°C) ruast be attained. This
condition may be satisfied by using the tantalum wire

heater which was newly designed and developed in the

Present work.
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APPENDIX A

THICKNESS MEASUREMENTS

The thicknesses of thin film samples were measured by

two different techniques: (i) a stylus technique (available
‘at Surface Science Western in the University of .Western
Ontario, Ontario) and (ii) Tolansky's (interferometer)

technique (at the Department of Engineering Materials,
University of Windsor).

The satylus method utilizes a fine diamond ¢tip of

radius 0.7 to 2 pm. This needle is pressed onto the surface
WiFh a pressure of 1 kPa (which corresponds to a tip mass

of only 0.1 g) and is moved uniformly across the surface.

Any vertical movement of the tip, which is caused by
Surface irregularities 1is converted to an electrical signal
which is then amplified and recorded. It is claimed (131)
that the minimal thickness difference that can be recorded
by this method is 2.5 nm with a precision of % 2X%.

The Ti metal thin films deposited on glass substrates
were measured by both the stylus method on a Dektak surface
Profilometer and Tolansky's method on an interterometer; A
typical recording of the profile from a Ti metal film on a
glass substrate is shown in figure Al. The thickness

heasurements were performed two and four times on each

Q1
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sample by the stylus method and Tolansky's method,
respectively. The average values were then calculated and

are summarised in table A1l.



APPENDIX B
DEPOSITION RATE OF TITANIUM THIN FILMS

The titanium thih films were deposited from a Ti metal
target at varied conditions. The experimental parameters
were: Ar gas flow rate (EAr) which was wvaried from 20 to 45
scc/min, and the power density (W) applied to the target
which was varied from 10 to 60 W/cmz. Figure 31 shows the
deposition rate (Rp ) plotted in terms of FAr . Four lines
are drawn for constant wvalues of W of 10, 20, 40 and 60
W/cmz. Figure Bl shows that for all 1lines, Ry decreased
monotonically with F,. . This may be attributed to the "back
diffusion" (23), in which the atoms sputtered out from the
target surface were diffused back to the target after a
Collision with the sputtering gas or plasma. Laegried et al
(132) estimated that 50% of the sputtered.naterial returned
to the target at a pressure of 130 m Tofr.

Figure B2 shows the relationship between R, and W at a

D
constant Far cf 30 scc/min. RD linearly increased with W.

Since the atoms on the target surface are sputtered out by
the exchange of the kinetic energy from the incident
Projectile ions +to the surface atoms, the number of
Sputtered atoms increases with increasing the incident ion

energy. However, when the energy of the incident particles

95
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exceeds a certain value, the efficiency of the sputtering

process deteriorates because of channeling (95). Therefore,

Ry changes as a function of W as .shown in
figure B3 (49-53).

in general,



APPENDIX C

RESISTIVITY MEASUREMENTS OF T:I.O,x", THIN FILMS AT HIGH
‘TEMPERATURES

The resistivities of Samples (4) and (8) (which are
identified in figure 3.5) were measured at. higﬁ
temperatures (>50°9C). Aluminum and gold were respectively
deposited to form electrode pads on these samples using a
thermal evaporation technique. Figure C1 shows the
relationship between the resistivity,/n . and temperature
measured for Sample (4) in the temperature range of 25°C to
65°C. The data points are randomly scattered. This may be
due to the oxidation of the Al electrodes. On the other
hand, the results obtained for Sample (8), as illustrated
in figure C2, show that the resistivity (log ) starts to
deviate from the linear relationship at ~70°C on heating.
Figure C3 shows that the resistivity (logf) varies almost

linearly with time for a constant temperature of around 115

o

C. Since the gold is free of oxidation in this temperature

range, this increment in the resistivity may have been
caused by either the crystallization or the oxidation‘ of
the thin films. However, as mentioned in section 3.221,
amorphous thin film samples crystallized at ~ 320 °C.

Therefore the possibility of c«rystallization of the thin

Qn?
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£ilms at 70°C seems to be slim. Thus the deviation of the
log £ -vs-1/T plot from a straight line at 709 is likely

to have been caused by the oxidation of the thin film.



APPENDIX D

CALCULATION OF BaSiT10g X—-RAY DIFFRACTION PATTERN

As mentioned in section 2.8, the existence of the BasiT10g

phase which had been reported in 1955 by Rase et al (83)
was denied by Robbins (82). Robbins pointed out that the
compound which Rase et al had identified as BaSiTiOS was a
mixture of Ba;Si;TiOg and BaTi, O g. However, in Robbins'
Paper (82), no clear evidence neither theoretical nor
experimental were presented. According to the author's
knowledge, there have been no other reports on the
"BaSiTiOS " phase. The powder diffraction data of BaSiTiOj
is filed among the JCPDS cards wi;hout a high-quality

symbol while the data of BaZSizTioa carries a high—-quality
symbol.

°
- —

In this section, the x-ray diffraction pattern of
3(281{1'10"8' is calculated using the crystallographic structure

data reported by Masse et al (81) and then compared to the

experimental results (133).

The. structure factor (F) was calculated using the

formula (134):

F = zl fn [ cos 2mr ( hug + kv, + 1w, )
n:

+1 sin 2w ( huy + kv, + 1w, ) ]
2 N 2
|F|€ = n§1 £, cos 2w ( hu, + kv, + 1w, )]

2
Jf % £ sin 2w Chuy +dv + 1w )]
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where h, k, 1 are Miller indices, u,, v,., wj are the
coordinates of n-~th atom in the unit cell and N 1is the

total number of atoms 1in the unit cell. The atomic

scattering factors, fn's, were taken from Cullity's +table

(134). Note that f;, is a function of sin6/), where 6 is the
Bragg angle and A is the wavelength of the incident x-ray.

Since the wvalues for fBa*f are not listed in the table,
o~1

values were used for sin6/A<0.1 A and the values for fBa

o-1
were employed for fBa++ when sing/x 0.1 A

The relative intensity (I) was calculated using the

following equation (134):

2
1 + cos™ 20
I’IFIZ.'P( 2 )
sin“0 cosd

where P is a multiplicity factor and the last factor is the

Lorentz—-polarization factc:. Then intensity I was
normalized by the maximum peak intensity Imax'

In the actual calculation, the data for the
coordinates of atoms in the Br.izsj.z'l'iO8 unit cell (see

figure 2.29 and 2.30) were taken from Masse et al's work
(81). Figure D1l(c) shows the calculated Ba Si2 T:lO8
diffraction wpattern. Actually this calculated pattern can

be reproduced by superimposing the JCPDS patterns for Bazéiz Ti0g
and ' BaSiins as shown 1in figures Di(a) and (b),
respectively. (In figures (a) and (b), copper K, line was

assumed in the conversion of the "d" values to "“26"'s.) As
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Robbins pointed out, these two patterns are very similar.
Only differences between the two patterns are (i) peaks at
29=14.8° and 29.7° for Ba 251 ,Ti0Og do not show i1in the
BaSiTiO pattern and (i1) peaks at 20=47.3°, 47.7° and 57.2°
for BaS$iTiOs are not included in the Ba 5Si,TiO g pattern.
The only differences betweén the two patterns are (i) peaks at
should be noted that, in the two JCPDS cards, only peaks
whose relative intensities are higher than 10% of the
maximum intensity are 1listed. According to the present
calculation, all the five peaks which are not commonly
listed in both the Ba,Si;,TiOg and BaSiTiO g JCPDS cards have
relative intensities close to 10%¥ or less. This may be the
reason why these peaks were not commonly 1listed in the
JCPDS cards for the two phases. If this was the case, it is
likely that the two phases may have identical diffraction
ﬁatterns, indicating that those phases are exactly
identical. In order to investigate this point, two
different samples which have the Ba:5i:Ti rafios equal to
(i) 2:2:1 and (ii) 1:1:1 were prepared (133). Raw powder

materials, BaCO4, Si0O, and TiO, were weighed to these

ratios. Sample (ii was sintered at 1300°C and Sample (ii)
was sintered at 1250(’C (133). Diffraction patterns for
these s3amples are schematically demonstrated in figufes
D1(d) and (e). Pattern (i),i.e. figure D1l(d), is the same
as that of calculated (i.e. figure D1l(c)), while Pattern

(1i1), i.e. figure Dl(e), sSeems to have not only the
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Ba.zsiz'rioe peaks but also sowe other peaks which seem to be
thc;se from BaTig09.

It is almost certain that BaSiTiOg phase which was
reported by Rase et al (83) does not exict. Sample (11)
Which has the composition equivalent to BaSiTiOS ‘most

probably consisted of two phases, i.=2. Ba 2512’1‘108 and

BaTis,09 . This means that the tie 1line which passes the
BaSiTiOS composition 1is the BaO—-Sj.O2 —'1':102 ternary phase
diagram is nearly perpendicular to the line which connects
Ba"r103 with the Sio2 corner. In other words, the BaTiO:,—S:lOz

system is not a quasi-binary system.



APPENDIX E
ERROR ANALYSIS AND LEAST SQUARE METHOD FOR RESISTIVITY DATA

1) Experimental Error

The relative error in reading the value of resistance
using an electrometer was about the same in each range of
the meter. That is, the error of this type was more or less
constant when the resistance, R, was plotted with a

logarithmic scale:
'Alog Rl < Max'rg%J = 0.05

Thus, the error bar is slightly longer than the diameter of
the circle for each experimental datum in figures
3.29-3.31. The error in measuring temperature was +2 °c,

which was within the datum circle dimension in these

figures.

2) Least .Square Method
The least square method was applied for the data of 1ln

R as a function of (1) 1/T for the Boltzmann mechanism, (2)
2 1 .

(1/'1')5 for the polaron mechanism and (3) (1/'r)'5 for the
Mott mechanism:

iln R = a(i)(l/r)n(i)'+ p(i)

T07



104

where superscript (1) represent one of the conduction

mechanisms mentioned above, i.e. i=1, 2 or 3 and n(i)= 1,

(1)
2/5 and 1/4 for 1=1, 2, and 3 respectively. Constants a.

and éjJ were determined for each set of data.
In order to measure the degree of curve fitness for

each conduction mechanism, the square sum of the deviations

of datum points from the fitted curve was calculated:

N

2
-~ (1) n(i) (1), _
S(i) _ B=1 {[a (l/Tp) + b ] ln R (Tp)}

-

N -1

where N is the total number of data, Tp is the temperature
of the p—-th data and ;n R(Tp) is the p—-th data of in R at
temperature T . For the case of Sample (9) shown in.figure
3.31, 5(1) =0.14 for the Boltzmann mechanisnm, s{2) =0.08 for
the polaron mechanism and 5(3)=0.06 for the Mott mechanism.
Therefore, the Mott mechanism is the most plausible for
this set of data.

However in comparison of the three theoretical curves
with experimental data taking into account the experimental
error estimated previously, the difference in the degrees
of curve fitness of the Mott and polarén mechanisms  was
almost within the experimental error. On the other hand the
curve fitted for the Boltzmann mechanism was significantly
deviated from the experimental data. Thus, it seemed that
only when ]AS|>0.05, two fitted curves were significantly

different. Nontheless, mechanism having the least value of
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S was chosen among the three. possible mechanisms as the

Plausible electrical conduction anchoiiism in the

construction of the conduction mecnanism wap given 1.

figure 3.32.
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Figure 2.1 Change in refractive index with wavelength for
several crystals and glasses (17).
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Figure 2.2 Frequency variation of the index of absorption
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Figure 2.3 Various forms proposed for the density of
states in amorphous semiconductors. Localized
states are shown shaded. (a) Overlapping
conduction and valence band tails (19); (b) a
real gap in the density of states suggested
here as being appropriate for a continuous
random network without defects; (c) the same as
(b) but with a partially compensated band of
defect levels; (d) the same as (b) but with
overlapping bands of donor, Ey, and acceptor,
Ex, levels arising from the same defect.

(ref (18))
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Figure 2.4 Illustration of temperature dependence of
electrical conductivity of an amorphous
semiconductor (18).
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Figure 2.5 Schematic diagram of diode sputtering system
(16).
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Figure 2.6 Schematic diagram of magnetron sputtering

system with a ring magnet (15).
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Figure 2.8 Energy level diagrams of photoelectron (top)
and Auger electron (bottom) excitation (27).
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Figure 2.11 Schematic diagram of Rutherford backscattering
spectroscopy (RBS) apparatus (30).
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THE RUTILE GROUP TETRAGONAL Dif=Pd[mnm Ze=2
a(A) c(A) cla

Pyrolusite MnO, 4-40 2-87 0-665

Rutile TiO, 4-58 2-95 0-644

Cassiterite SnO, 472 3-17 0-672

Plattnerite PbO, 4-94 3-37 0-682

Figure 2.20 Structure of rutile Tioz (138).
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Figure 2.21 Structure of anatase TiO, (138).
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Figure 2.22  Structure of brookite Ti0, (138)..
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Figure 2.23 structure of Ti,03 (139).
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Figure 2.25 Energy band structure of TiO (68).



136

ENERGY —~—o

Figure 2.26 Energy band structure of Ti203 (71).
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Figure 2.27 Energy band structure of Ti;07 (64).
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Figure 2.30 Crystallographic structure of Ba3Si3TiOg
(projection on X-Z plane) (79).
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Figure 3.1 Set-up in sputtering deposition unit (used in
the present experiment).with triode source:
(1) Cu ring, (2) glass cylinder, (3)Al foil.
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Figure 3.5 "Metastable phase diagram" for TiOx thin films

fabricated at different substrate temperature
{Ts) and oxygen gas flow rate (Fq ) : Q —amorphous
(P -fine polycrystalline and @-fully crystalline;
R-rutile, A-anatase and a-amorphous. Samples
(1)-(13) were fabricated with 70 m Torr Ar
partial pressure and Sample (14) was deposited
with 130 m Torr Ar partial pressure.
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Figure 3.7 Ti concentratioan with respect to oxygen gas

flow rate, Fp;, determined bt XPS for five TiO,
thin films at their original surface (solid
symbols) and 3-min. Ar' -bombarded fresh surface
(open symbols).
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Figure 3.11 Oxygen concentration profile of TiO, thin film
as Ar”? sputtering continues.
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Figure 3.28 'Metastable phase diagrams for samples fabri-
cated by means of (A) an rf diode sputterring
technique (6) and (B) a dc plasmatron sputtering
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Electrical conduction mechanism diagram super-
imposed on the "metastable phase diagram".
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(A)

(B)

Figure 4.1 (A) Ti metal and BaSiO 4 discs. (B) Composite
sputtering target of BaSiO3 disc embedded at the

centre of Ti disc.
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Temperature -vs- power relation of "new" heater.
Tantalum wire was used as the heating element.
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Titanium-silicon phase diagram (129).
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Figure 4.7 Target I (defined ih section 4.21) after
sputtering.
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Figure 4.8 Scanning electron micrograph of thin film
: sputter deposited from Target I. ’
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Figure 4.9 Energy dispersion spectra (using Kevex) for (A)
grain and (B) background of the thin film shown

in figure 4.8.
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Figure 4.11

186

Scanning electron micrographs of thin films
sputter deposited from metallic Target III
(defined in sectioh 4.21) at (a) PApr =150 m Torr
and power density applied to the target, W=

10 W/cmz, (b) Par=115 m Torr and W=10 W/cmzand
(c) Ppor=85 mTorr and W=20 W/cm?. In all the
cases, the oxygen gas flow rate is kept constant
at 0.2 scc/min(see next page for (b) and (c)).
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Figure 4.11 (continued)

(c)
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Figure C1 Resistivity of Sample (4) with Al electrodes in

terms of temperature.
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Figure D1 X-ray diffraction patterns of (a) BaSiTiOsg
(BST) (in JCPD card) and (b) BasiTiOs (in JCPD
card). (c) Calculated BST pattern. Experimentally
obtained x-ray diffraction pattern from the
sample which had the Ba:Si:Ti ratios equal to
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