Ph.D. Thesis

GROWTH AND CHARACTERIZATION OF
INDIUM OXIDE (InOx) FILMS

Chrisa Xirouchaki Pedersen

Physics Department
University of Crete
Heraklion, Crete, Greece

1998

To my husband, Thomas
and
to my sister, Despina

ACKNOWLEDGEMENTS

This Ph.D. work has been carried out at the Materials Group of the University
of Crete/Institute of Electronic Structure & Laser (IESL)/Foundation for Research &
Technology-Hellas (FORTH), Greece, and at the Physics Department of the
University of Odense, Denmark, under the supervision of Prof. G. Kiriakidis.
First of all, I would like to thank my supervisor, Prof. G. Kiriakidis, for his
constant interest, concern and critical advice in this academic work. I would like to
express my deep gratitude to Prof. H. Fritzsche, James Franck Institute and
Department of Physics, University of Chicago, for guiding my work during his short
visits at the University of Crete and providing me with valuable discussions and
suggestions about my work. It is a pleasure to acknowledge Prof. P. Tzanetakis for
much valuable discussion concerning electrical and optical measurements in
semiconducting materials.
I would like to express my deep thankfulness to Prof. P. Morgen, who
supervised the part of my Ph.D. work carried out at the University of Odense, for his
devoted interest and his very kind help in my experimental work.
I also want to give my thanks to the graduate studies committee of the Physics
Department of the University of Crete for providing me with a scholarship during my
Ph.D. work at the University of Crete and making it possible for me to finalize my
Ph.D. work at the University of Odense.
I am grateful to the Danish Research Academy for providing a scholarship for
my stay at the University of Odense and to the University for accommodating me and
providing me with the experimental facilities.
I

would

like

to

thank

my

colleagues,

Dr.

S.

Mailis,

Lasers

Group/IESL/FORTH, for helping me with carrying out the holographic recording
experiments,

and

K.

Moschovis

and

Dr.

E.

Hatzitheodoridis,

Materials

Group/IESL/FORTH, for providing me not only with the samples for the experiments
during my stay at the University of Odense but also with their continuous friendliness
and encouragement in my effort.
I would also like to thank Dr. E. Aperathitis, V. Foukaraki, M. Androulidaki
and K. Tsagaraki, Microelectronics Group/IESL/FORTH, and A. Patentalaki, Lasers
Group/IESL/FORTH, for their very kind help during my experimental work at the
University of Crete.
I am indebted to P.W. Christensen, Department of Physics, University of
Odense, for developing the computerised control system and software for the AES
data acquisition and to Dr. H. Boye, Department of Anatomy, University of Odense,
for his very kind help with the TEM experiments.
Finally, I want to express my deep thanks to my husband, Thomas Fich
Pedersen, for support, encouragement, understanding, assistance, clarifying
discussions concerning the experimental techniques and invaluable help with the
proof-reading of the manuscript.

ABSTRACT

Microcrystalline indium oxide (InOx) films have been prepared by reactive dc
magnetron sputtering in a mixture of argon-oxygen plasma using a metallic In target.
The films were deposited onto Corning 7059 glass substrates at room temperature.
The conductivity of the as-deposited films was of the order of 10-4−10-3 Ω-1 cm-1 and
increased up to the order of 101−102 Ω-1 cm-1 by exposure to ultraviolet light hν ≥ 3.5
eV in vacuum. By subsequently exposing the same films to an oxidizing atmosphere
they reverted to the initial state of conductivity. Photoreduction and oxidation change
the conductivity of one and the same film in a fully controlled and reversible manner.
The structure of the films, i.e. the crystallinity and the microstructure, were
investigated by x-ray diffraction analysis and transmission electron microscopy
(TEM) and electron diffraction. The optical properties of the as-deposited films were
examined by both optical transmission and absorption measurements. Studies of the
surface and depth composition of these films were carried out by Auger electron
spectroscopy (AES) combined with depth profiling analysis. Quantitative Auger and
energy dispersive x-ray analysis (EDX) were employed to determine the
stoichiometry of the films with respect to the stoichiometric In2O3.
Dynamic holographic recording of information at ultraviolet laser wavelengths (325
nm) is demonstrated in these films.

Publications produced through this work:

“Photoreduction and oxidation of as-deposited microcrystalline indium oxide”,
C. Xirouchaki, G. Kiriakidis, T.F. Pedersen and H. Fritzsche: J. Appl. Phys. 79, 9349
(1996)
“Holographic recording in indium oxide (In2O3) and indium tin oxide (In2O3 : Sn) thin
films”,
S. Mailis, L. Boutsikaris, N.A. Vainos, C. Xirouchaki, G. Vasiliou, N. Garawal, G.
Kiriakidis and H. Fritzsche: Appl. Phys. Lett. 69, 2459 (1996)
“Dynamic holography in indium oxide and indium tin oxide thin films”,
S. Mailis, C. Grivas, D. Gill, L. Boutsikaris, N.A. Vainos, C. Xirouchaki, G. Vasiliou,
N. Garawal, G. Kiriakidis and H. Fritzsche: Optical Memory and Neural Networks 5,
191 (1996)
“Chemical characterization of as-deposited microcrystalline indium oxide films
prepared by reactive dc magnetron sputtering”,
C. Xirouchaki, K. Moschovis, E. Hatzitheodoridis, G. Kiriakidis and P. Morgen:
Appl. Phys. A 67, 295 (1998)
“Structural and chemical characterization of as-deposited microcrystalline indium
oxide films prepared by reactive dc magnetron sputtering”,
C. Xirouchaki, K. Moschovis, E. Hatzitheodoridis, G. Kiriakidis, H. Boye and
P. Morgen: accepted for publication in J. Electr. Mater. on September 1998

CONTENTS
1.

INTRODUCTION

2.

THE CURRENT STATUS OF POLYCRYSTALLINE

1

In2O3 FILMS IN THE LITERATURE
2.1 Natural structure of In2O3

5

2.2 Conductivity mechanism in polycrystalline semiconducting films

9

2.2.1 Grain boundary conduction model

9

2.2.2 Grain boundary barrier formation

9

2.2.3 Current flow mechanisms across a grain boundary

11

2.2.4 Grain boundary barrier effect on mobility

17

2.2.5 Influence of oxygen on the grain boundary barriers

26

2.3 Oxygen vacancies in semiconducting binary oxides

28

2.3.1 Stoichiometry and non-stoichiometry

28

2.3.2 Formation of oxygen vacancies

31

2.3.3 Defect reactions and equilibria related to oxygen vacancies

32

2.3.4 Thermodynamics of formation of oxygen vacancies

35

2.4 Optical properties of polycrystalline semiconducting films
2.4.1 Optical constants

38
38

2.4.2 Optical interference method for the determination of the
refractive index and thickness of a transparent film on a
transparent substrate
2.4.3 Fundamental absorption and optical gap determination
3.

39
46

EXPERIMENTAL TECHNIQUES AND METHODS USED
FOR THE GROWTH AND CHARACTERIZATION OF
InOx FILMS

3.1 Sputtering deposition technique

52

3.1.1 Sputtering deposition process

52

3.1.2 Magnetron sputtering

55

3.1.3 Sputtering equipment

58

3.2 Chemical characterization

61

3.2.1 Introduction

61

3.2.2 Electron scattering in solids

62

3.2.3 Electron spectroscopy

64

3.2.4 Auger electron spectroscopy (AES)

68

3.2.5 Quantitative AES analysis

71

3.2.6 Auger depth profiling analysis

73

3.2.7 AES equipment

75

3.2.8 Energy x-ray dispersive analysis (EDX)

77

3.2.9 Quantitative EDX analysis

80

3.3 Structural characterization

83

3.3.1 Introduction

83

3.3.2 Transmission electron microscopy (TEM)

83

3.3.3 X-ray diffraction (XRD)

86

3.3.4 Grain size determination using x-ray diffraction

88

3.4 UV-photoreduction and oxidation

92

3.5 Holographic recording

94

3.5.1 Principles of holography

94

3.5.2 Diffraction efficiency of a hologram

97

3.5.3 Classification of holograms

97

3.5.4 Mechanism of holographic recording in photorefractive materials

99

3.5.5 Experimental set-up for holographic recording
4.

102

EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Preparation of the InOx films

104

4.2 Structural characterization of the InOx films

105

4.2.1 X-ray diffraction (XRD)

105

4.2.2 Transmission electron microscopy (TEM)

112

4.2.3 Discussion

119

4.3 Optical properties of the InOx films

126

4.3.1 Transmission measurements in the visible light region

126

4.3.2 Optical band gap Eg

136

4.3.3 Discussion

138

4.4 Electrical properties of the InOx films

144

4.4.1 Resistivity and Hall effect measurements

144

4.4.2 Photoreduction and oxidation

147

4.4.3 Discussion

153

4.5 Holographic recording in the InOx films

167

4.5.1 Holographic recording characteristics of the films

167

4.5.2 Discussion

170

4.6 Chemical characterization of the InOx films

173

4.6.1 Auger electron analysis (AES)

173

4.6.2 Energy x-ray dispersive analysis (EDX)

196

4.6.3 Discussion

202

5. GENERAL CONCLUSIONS

REFERENCES

209

215

1. INTRODUCTION
Indium oxide (In2O3) is a very interesting semiconducting material. It behaves
as an insulator in its stoichiometric form and as a highly conducting semiconductor
with a wide direct optical band-gap (3-4 eV) in its non-stoichiometric form, providing
high transparency in the visible light range and high reflectivity in the IR light range.
This unique combination of electrical and optical properties has led numerous
researchers to a thorough investigation of the growth and characterization of thin
semiconducting indium oxide films due to their obvious application as transparent
electrodes in electronic and optoelectronic devices, such as solar cells, diffusion
barriers in Al/ In2O3/Si structure and flat panel displays. In solar cells, which convert
light into electrical energy, indium oxide can serve as a good contact material on the
surface of the devices (i.e. antireflective coating) which also transmits light to pass on
to the active parts of the devices, due to the fact that it is not only transparent to
visible light but also has very high conductivity. In the last years, the gas-sensing
properties of indium oxide as a semiconductor gas sensor have been investigated. It
was found that indium oxide exhibits high sensitivity to oxidizing gases, such as NOx
[1] and O3 [2, 3], as well as to H2 [4], and therefore it can be used in detectors for
these gases. It was also found that doping indium oxide with Mn+2 ions increases the
electrical resistivity by several orders of magnitude at room temperature in a dry
atmosphere, whereas the resistivity of the film decreases rapidly when brought into
contact with moist air. This property has prompted some researchers to investigate a
possible use of manganese-doped and other divalent-ion-doped indium oxide films as
humidity sensors [5, 6].
Several deposition techniques have been employed to grow polycrystalline
indium oxide films, such as dc and rf sputtering [7−22], reactive evaporation [23−35],
evaporation of metallic indium and subsequent oxidation [36−38], chemical vapour
deposition [39−43], spray pyrolysis [44−47], ion plating [48−52] and laser ablation
[53]. In each of these methods, deposition occurs in a background atmosphere of
oxygen. Oxygen plays an important role in indium oxide films, since the conductivity
of these films arises from the excess electrons of charged oxygen vacancies in the
stoichiometric structure of In2O3. Accordingly, films with different conductivities,
-1-

from the insulating transparent phase to a highly conducting transparent phase, can be
produced by controlling the oxygen partial pressure during the deposition. During the
last years, the sol-gel method [1, 54] has also been applied for the production of
indium oxide films. However, post-deposition heat treatment at elevated temperatures
(above 500 °C) is usually necessary for the crystallization of the films and removal of
residual organic and hydroxyl groups, which restricts the application field of this
method. Many researchers have focused on the deposition of indium tin-doped oxide
(ITO) films due to the fact that these films have a higher conductivity compared to the
undoped indium oxide films, resulting from the incorporation of a higher valency
cation (tin) in the host In2O3 lattice. ITO films have mainly been produced by the
techniques of rf and dc sputtering [55−69] and spray pyrolysis [70]. Both of these
techniques lead to deposition of ITO films with similar electrical and optical
properties, however, the sputtering process has the advantage of producing high
quality films, even on plastic substrates, at room temperature [71]. Many of the above
studies have been concentrated on polycrystalline indium oxide films prepared onto
heated substrates. By means of transmission electron microscopy and electron
diffraction it has been found that the structure of the films, i.e. the crystallinity and the
microstructure, is greatly dependent on the substrate temperature as well as on the
film thickness [29]. An amorphous−to−crystalline transition occurs by increasing
substrate temperature and film thickness. Post-deposition heat treatment (annealing)
of the amorphous indium oxide films, usually at temperatures above 200 °C, gives
rise to the transition [17, 30], while further annealing of the crystalline phase at
temperatures higher than 400 °C may cause a change in the microstructure of the
films (i.e. both in size and shape of the crystallites) [32]. As a result, the optical
properties of the films are improved. Even though polycrystalline transparent
conductive films can easily be obtained by heating the substrates at a temperature of
about 200 °C during deposition, this process can reduce the efficiency of some solar
cells [72]. However, it has been observed that the performance of solar cells is not
degraded if an amorphous indium oxide film with low conductivity and transmittance
is initially deposited onto unheated substrates and subsequently transforms into a
crystalline transparent conductive film by annealing. It has also been reported that the
electrical properties of indium oxide films depend greatly on their thickness when
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films are thinner than about 50 nm, whereas above this thickness, the electrical
properties remain almost constant with thickness [17, 25]. This is attributed to a
physical discontinuity in very thin films.
Recent research carried out by Fritzsche et al. [73−76] showed that amorphous
indium oxide thin films (with thickness below 80 nm) prepared by reactive sputtering
have the tendency of changing their stoichiometry and electrical properties under
exposure to ultraviolet (UV) light (hν≥ 3.5 eV) in vacuum or in an inert gas
atmosphere. It has been found that the conductivity can be increased by about six
orders of magnitude by exposing the film to UV light in vacuum, while by
subsequently exposing the same film to an oxidizing atmosphere the film reverts to
the insulating state. Through the present work, it has been demonstrated that these
large reversible conductivity changes produced by UV photoreduction and oxidation
are not limited to amorphous InOx but are also characteristic of microcrystalline InOx
films of larger thickness (well above 80 nm). Despite the extensive work published on
the electrical, optical and structural properties of indium oxide, there have so far been
only a few studies concerning chemical characterization of these films. In these
studies, Auger electron spectroscopy (AES) and x-ray photoelectron spectroscopy
(XPS) have been mainly applied to investigate the surface composition of the films,
whereas a depth composition analysis of the films has not been systematically
performed [77−84].
The aim of this thesis is to study the electrical, optical, structural and chemical
properties of microcrystalline InOx films prepared by reactive dc magnetron
sputtering at room temperature. The thesis is divided into 5 chapters. This
introduction is chapter 1. Chapter 2 consists of 4 sections. In section 2.1, the natural
structure of In2O3 is described. In section 2.2, the grain boundary conduction model
accounting for the conductivity mechanism in polycrystalline semiconducting films,
is presented, with application to polycrystalline indium oxide films. In section 2.3, the
process of the formation of oxygen vacancies in binary oxides with application to the
case of indium oxide is discussed, since oxygen vacancies are responsible for the high
n-type conductivity in indium oxide films. Finally, in section 2.4, the methods to
calculate the optical parameters of indium oxide films, i.e. refractive index, extinction
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coefficient and optical band gap, are presented for the general case of a transparent
semiconducting film on a transparent substrate. In chapter 3, the experimental
techniques and methods which have been used in this thesis work for the growth and
characterization of the InOx films are described in detail. In chapter 4, the
experimental results of the electrical, optical, structural and chemical characterization
of the InOx films are presented in separate sections each followed by a discussion.
Chapter 5 gives the general conclusion of this thesis and plans for future work..
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2. THE CURRENT STATUS OF POLYCRYSTALLINE In2O3 FILMS IN THE
LITERATURE
2.1 Natural structure of In2O3
In2O3 crystallizes in the C-type rare earth structure (space group Ia3,Th7, No.
206). In general, metallic sesquioxides, M2O3 , crystallize in the corundum type and
the A, B and C modification rare earth structures. The corundum type and the A
modification are trigonal, the B modification is monoclinic and the C modification is
cubic, Ia3. The crystal structure of In2O3 has been known since 1930, and since then it
has been refined by x-ray diffraction analysis [85−87]. This structure is body centred
cubic with 80 atoms per unit cell, 32 metallic and 48 oxygen atoms (with respect to
the 2/3 cation/anion ratio). The 32 metallic atoms are in the special positions, 8 In(1)
atoms at the b site and 24 In(2) atoms at the d site, while the 48 oxygen atoms are in
the general position, at the e sites [88]. According to this structural arrangement, the
indium atoms are coordinated by 6 oxygen atoms forming a distorted octahedron,
while the oxygen atoms are coordinated by 4 indium atoms forming a tetrahedron, as
shown in Fig. 2.1. [89]. The neighbouring octahedra are shared with their corners and
edges.
The C modification structure is closely related to the fluorite structure from
which it can derive by removing one quarter of the anions and then rearranging the
atoms. In the fluorite structure each metal atom is surrounded by eight oxygen atoms
at the corners of a cube. Each anion is, in turn, tetrahedrally coordinated. Each cube
shares edges with neighbouring cubes and all oxygen distances are the same. The
fluorite structure is shown in Fig. 2.2. In the C-type structure the cation sublattice is
nearly unchanged, but one-fourth of the oxygen atoms in the fluorite structure are
missing and the metal ions are surrounded by only six oxygen atoms. The missing
oxygen atoms are located either on the face diagonals or body diagonals of the
fluorite cubes and they are ordered in a such manner that the missing oxygen atoms
lie in straight lines through the body diagonals of the cubic structure.

-5-

Fig. 2.1 Unit cell of In2O3 [89]

Fig. 2.2 The fluorite (CaF2) crystal structure
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According to the fluorite structure, the lattice of In2O3 is formed by a cubic face
centred indium sublattice where three quarters of the tetrahedron vacancies between
the indium atoms are occupied by oxygen atoms and one quarter remains empty. This
means that every fourth anion is missing, so that small shifts of anion take place
(~ 4%). The arrangement of these empty voids is according to a definite pattern which
is repeated with a lattice constant of 1.0118 nm, twice the lattice parameter of the
cubic face centred indium sublattice. This pattern can be disturbed strongly,
especially if the growth of the lattice occurs during sputtering at low temperatures.
X-ray diffraction analysis carried out by Marezio [86] on single crystals of
In2O3 showed that there are two crystallographically non-equivalent indium atoms
and only one type oxygen atom. Figure 2.3 shows the coordination arrangement
around the indium atoms. Each In(1) is surrounded by six equidistant oxygen atoms
with the In-O distance to be 2.18 Å. These oxygen atoms lie nearly at the corners of a
cube with two body-diagonally opposite corners unoccupied. In(2) is also surrounded
by six oxygen atoms which lie nearly at the corners of a cube, but in this case two
face-diagonally opposite corners are unoccupied. In this polyhedron, there are three
different sets of In-O distance, 2.13 Å, 2.19 Å and 2.23 Å. The average of these three
distances is 2.18 Å, which is the distance of the In(1)-O bond.

Fig. 2.3 Coordination arrangement around the indium atoms in In2O3 [86]
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This large difference in the In(2)-O bond lengths is due to the fact that each of the
three sets of oxygen atoms is affected differently by the absence of the repulsive
forces that come from the two unoccupied corners. The atom Ovii is separated from
both unoccupied corners by an edge of the imaginary cube, the atom Ovi is separated
from one of these corners by an edge and is separated from the other by bodydiagonal of the same cube, while the atom Oiv is separated from either corner by a
face-diagonal. This means that the repulsive forces among the three sets of oxygen
atoms around In(2) increase from Oiv to Ovi to Ovii with largest the distance In(2)- Oiv
and smallest the distance In(2)- Ovii . Table 2.1 shows the interatomic distances in the
crystal structure of In2O3 as calculated by Marezio [86] from

x-ray diffraction

analysis carried out for two different wavelengths, Mo Kα and Cu Kα.

Table 2.1. Interatomic distances in In2O3
Mo Kα

Cu Kα

Average
2.18 Å

Polyhedron around In(1)
In-O(6)

2.16 Å

2.19 Å

i

v

2.80

2.83

i

ii

3.29

3.35

In-Oiv (2)

2.24 Å

2.21 Å

2.23 Å

In-Ovi (2)

2.18

2.19

2.19

2.13

2.12

2.13

2.84

2.76

O -O (6)
O -O (6)
Polyhedron around In(2)

vii

In-O (2)
iv

vii

iv

viii

2.84

2.76

iv

vi

2.80

2.83

vi

ix

3.56

3.53

vi

vii

3.28

3.30

vii

ix

2.91

2.96

iv

x

3.76

3.70

4.10

4.10

In(1)-In(2)(2)

3.34 Å

3.35 Å

In(1)-In(2)

3.83

3.82

In(2)-In(2)(2)

3.36

3.36

In(2)-In(2)

3.84

3.84

O -O (2)
O -O

(2)

O -O (2)
O -O (2)
O -O (2)
O -O
O -O
vi

viii

O -O

Tetrahedron around the oxygen atom
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2.2 Conductivity mechanism in polycrystalline semiconducting films
2.2.1 Grain boundary conduction model
The conductivity behaviour in polycrystalline films closely approaches that of
semiconductors with predominant grain boundary conduction mechanism. The carrier
mobility in these films is limited by scattering at the surface and grain boundaries as well as
by normal bulk processes.
A model of intergrain boundaries being affected by the diffusion of an active gas has
been used by Seager and Ginley [90] to explain the changes of conductivity seen in
polycrystalline silicon. It was observed that diffusion of oxygen down the grain boundaries
promoted significant changes in the density of defect states in these regions, resulting in a
decrease in conductivity. This model described extensively by Seager and Castner for the case
of polycrystalline silicon [91] has been adopted to explain the conductivity mechanism in
polycrystalline In2O3 films until now. The validity of this model has been confirmed by
experimental results of the temperature dependence of conductivity in polycrystalline In2O3
films [92, 93].
The main features of this conduction model are: conduction from grain to grain,
disturbed by surface barriers which are strongly influenced by chemisorbed oxygen.

2.2.2 Grain boundary barrier formation
The formation of potential barriers at the grain boundaries was proposed by Petritz
[94] in 1956, in addition to the normal lattice discontinuity caused by the boundaries. Since
then, this subject has been reviewed in detail by Kazmerski [95]. Other models have also been
proposed to explain the transport behaviour due to the grain boundaries, as that of Volger [96]
and Berger [97], but that of Petritz constitutes the most cited theoretical analysis of transport
mechanisms in polycrystalline semiconducting films. According to this model, grain
boundary potential barriers are formed in an n-type semiconductor when the grain boundary
region has a lower chemical potential (Fermi level EF) for majority carriers, than the grains,
-9-

due to the density of defect states in this region. These defect states can appear by the
tendency of grain boundaries to act as diffusion sinks for impurities. Therefore, these defect
states can be treated as trapping centres for majority carriers resulting in a reduction of their
concentration in the boundary region. This results in a flux of majority carriers into the
boundary region creating a space charge build up at these boundaries which prevents further
flux of majority carriers and therefore forms a depletion region for these carriers. This is
presented in a band diagram by an upward bending of the conduction and valence band edges,
as seen in Fig. 2.4. Respectively, for a p-type semiconductor, the band edges bend down
toward the Fermi level. In a such band diagram as in Fig. 2.4, it is useful to have a picture of
the grain boundary region before, and after, it is joined to the adjacent grains. Figure 2.4(a)
shows two regions of n-type grains physically separated by one grain boundary before joining
is formed. Figure 2.4(b) shows these same three regions after they have been joined and
equilibrium has been achieved.

Fig. 2.4. Energy band diagram for an n-type polycrystalline semiconducting film describing
two semi-infinite grains and one grain boundary (a) before and (b) after joining.
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The accumulated negative charge near x = 0 forces the energy bands to be bend upwards by
an amount ΦB. Since the Fermi energy at equilibrium must be continuous over the grain
boundary, the height of the potential barrier, eΦB, is given by:
eΦ B = E FG − E FB

(2.1)

2.2.3 Current flow mechanisms across a grain boundary
There are two different mechanisms by which majority carriers can cross a grain
boundary potential barrier. The first is thermal emission over the barrier and the second is
quantum mechanical tunnelling.
a. Thermal emission
In this case, an applicable form [98] for the current over a potential barrier of energy
ΦB is given by:
 eΦ ′B    eV  
J = A ∗ T 2 exp −
 −1
 exp
 KT    KT  

(2.2)

where Φ ′B is the energy difference between the Fermi level E F and the bottom of the
conduction band at the top of the barrier (See Fig. 2.4(b)), V is the applied voltage and A∗ is
the Richardson constant for the material of interest. From the Fig. 2.4b, it can be written:
eΦ ′B = eΦ B + eVn

(2.3)

where Φ B is the conduction band bending and Vn is the energy difference between the Fermi
level EF and the bottom of the conduction band in the bulk. Then the equation (2.2) can be
rewritten as:
 eΦ B 
 eVn    eV  
J = A ∗ T 2 exp −
 −1
 exp −
 exp
 KT 
 KT    KT  
- 11 -

(2.4)

Using the well-known semiconductor equations for n-type semiconductor and assuming that
the donor density is ND and that all donors are ionized, n ≅ ND , the carrier density in the
conduction band is given by:
 E − EF 
N D = n = N C exp − C


KT 

 2πme KT 
where: N C ≡ 2

 h2 

(2.5)

3/ 2

is the effective density of states in the conduction band, Ec is

the energy at the bottom of the conduction band and EF is the Fermi energy.
From Fig. 2.4(b), the equation (2.5) can be rewritten as:
N 
Vn = E C − E F = KT ln C 
 ND 

(2.6)

By substituting the equation (2.6) into the equation (2.4) the second one takes the form:

J = A∗T 2

ND
 eΦ Β    eV  
exp −
 −1
 exp
 KT    KT  
NC

(2.7)

If the film has many barriers (i.e. small grain size) the applied voltage V across any one is
small compared to KT, and equation (2.7) may be written:

J = A∗ T 2

ND
 eΦ B   eV 
exp −


 KT   KT 
NC

(2.8)

The barrier resistance can be defined as:

 ∂J 
RB ≡  
 ∂V 

−1

(Ωcm )
2

(2.9)

V =0
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From the equations (2.8) and (2.9) the barrier resistance is given by:

RB =

K NC
 eΦ B 
exp

∗
 KT 
eA T N D

(2.10)

Assuming that grain boundary barriers contribute essentially all of the electrical
resistance in the polycrystalline film, the bulk resistivity is given by:

ρ=

RB

λ

=

KN C
 eΦ B 
exp

∗
 KT 
eA TN D λ

(2.11)

where λ is the grain size.
Therefore, the bulk conductivity is:

eA ∗ TN D λ
 eΦ B 
σ=
exp −

 KT 
KN C

(2.12)

Equation (2.12) shows the effect of the grain boundary potential barriers on the bulk
conductivity of polycrystalline films.
b. Quantum mechanical tunnelling
For n-type semiconductors with high doping concentration (degenerate electron gas),
the barrier width becomes very narrow and tunnelling current may become dominant. In order
to determine the tunnelling probability of a particle (e.g. conduction electron), it is convenient
to consider a one-dimension potential barrier, as seen in Fig. 2.5. In the classical case, the
particle will always be reflected if its energy E is less than the potential barrier height Vo. In
the quantum case, the particle has a finite probability to cross the potential barrier.
The behaviour of the particle in the region outside of the barrier can be described by a
wave equation:
h 2 d 2ψ
−
= Eψ
2me dx 2

(2.13)
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Fig. 2.5. One-dimensional potential barrier

where me is the effective mass of the particle, d is the Planck constant, E is the kinetic energy
of the particle and ψ is the wave function of the particle. The solutions of the equation (2.13)
are:

ψ 1 ( x ) = Ae ikx + Be −ikx ,

x≤0

(2.14)

ψ 2 ( x ) = Ce ikx ,

x≥w

(2.15)

where w is the width of the barrier and k ≡ 2 me E d2 . The equation (2.14) presents an
incident wave function with amplitude A and a reflected wave function with amplitude B,
while the equation (2.15) presents a transmitted wave function with amplitude C. Inside the
potential barrier the wave function of the particle is:
h 2 d 2ψ
−
+ eVo = Eψ
2me dx 2

(2.16)

The solution of equation (2.16) for E eVo is:
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ψ 3 ( x ) = De γx + Fe −γx

(2.17)

where: γ ≡ 2me (eV o − E ) h 2 .
The continuity of ` and d`/ dx at x = 0 and x = w, which is required by the boundary
conditions, provides four relations between the five coefficients A, B, C, D and F :
A+ B = D+ F

(2.18)
for x = 0

ikA − ikB = γD − γF

(2.19)

Ce ikw = De γw + Fe −γw

(2.20)
for x = w

ikCe ikw = γDe γw − γFe −γw

(2.21)

The tunnelling (transmission) probability of the particle through the potential barrier is
2

C / A , which can be found by solving the above system of four equations:

C
A

2

 (eVo sinh γw) 2 
= 1 +

4 E ( eVo − E ) 



−1

(2.22)

When γw >> 1, the tunnelling probability becomes quite small and is given by the expression:

C
A

2

[

~ exp( −2γw) = exp −2 w 2me (Vo − E ) h 2

]

[Eq. (2.23) is derived from eq. (2.22) by inserting the expression sinh x =

(2.23)

e x + e− x
for sinhγw and assuming
2

that γw >>1].

Returning now to the case of an n-type semiconductor, the tunnelling current is
proportional to the tunnelling probability of electrons to cross the potential barrier:
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[

I ~ exp −2 w 2me (eΦ B − eV ) Ç 2

]

(2.24)

where V is the applied voltage and w is the depletion region width, which, from the well
known semiconducting equations for an n-type semiconductor, can be expressed as:

w=

2ε ς ( Φ B − V )

(2.25)

eN D

where ες is the semiconductor permitivity. By substituting the equation (2.25) into the
equation (2.24) the first one becomes:
 16me ε ς

I ~ exp −
Φ
−
V

(
)
B
Ç2 N D



(2.26)

The barrier resistance in this case can be expressed as:
 16me ε ς
R B ~ exp 
h2


ΦB 

N D 

(2.27)

As it is seen from equation (2.27), the barrier resistance in the case of tunnelling depends
strongly on the doping concentration and varies exponentially with Φ B

N D . For N D ≥ 1019

cm-3 (degenerate semiconductor), RΒ is dominated by the tunnelling process and decreases
rapidly with increasing doping. For N D ≤ 1017 cm-3 (non-degenerate semiconductor), RΒ is
dominated by thermal emission and is essentially independent of doping.

2.2.4 Grain boundary barrier effect on mobility

In evaluating electrical characteristics of semiconducting films, it is common to
compare the behaviour of the films to that of the bulk crystal. If the bulk crystal was perfect,
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the conduction carriers could flow unimpeded in a perfect periodic potential. However, in a
real bulk crystal lattice, vibrations, impurities and defects can cause deviations from the ideal
behaviour. The carrier mobility is then related directly to the mean free time between
collisions, which in turn is determined by the various scattering mechanisms. Two scattering
processes are important for bulk crystal behaviour in semiconductors: lattice scattering and
ionized impurity scattering. Lattice scattering results from thermal vibrations of the lattice
atoms at any temperature above absolute zero. Since lattice vibration increases with
increasing temperature, lattice scattering becomes dominant at high temperatures. Therefore,
the mobility decreases with increasing temperature. Bardeen and Shockley [99] have shown
that the mobility due to lattice scattering can be expressed as:

µL =

8π qh 4 C11
3E dς m

∗5/ 2

( KT )

3/ 2

~ T −3 / 2

(2.28)

where C11 is the average longitudinal elastic constant of the semiconductor, Edς is the
displacement of the edge of the band per unit dilation of the lattice, m∗ is the conductivity
effect mass and q the carrier charge.
Impurity scattering results when a travelling carrier passes near to an ionized impurity
centre. The probability of impurity scattering depends on the total concentration of ionized
impurities. In contrast to the lattice scattering, impurity scattering becomes less significant at
high temperatures. This is due to the fact that the mean velocity of the carriers increases with
temperature, with the result that the carriers remain near the ionized impurities for a shorter
time. Therefore, the scattering becomes less effective. Conwell and Weisskopf [100] have
shown that the mobility due to impurity scattering can be expressed as:

µI =

64 π ε ς2 (2 KT )
3

NIq m

∗1/ 2

3/ 2

   12πε KT  2  
ς
ln 1 +  2 1/ 3   
   q N I   

−1

~ N I−1 T 3/ 2

(2.29)

where NI is the ionized impurity density and ες is the semiconductor permitivity. Figure 2.6
shows the temperature dependence of electron mobility in n-type semiconductors due to the
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above scattering mechanisms. If one assumes that the total resistivity ρ of the bulk crystal is
simply the sum of the resistivities due to the above two scattering mechanisms

ρb = ρ L + ρ I

(2.30)

Fig. 2.6. Theoretical temperature dependence of electron mobility

the combined mobility, which includes these two mechanisms, is:

1

µb

=

1

µL

+

1

µI

(2.31)
where µb is the bulk mobility.
In polycrystalline semiconducting films, however, the effect of the grain boundaries
should be considered as an additional scattering mechanism for the carriers. The carriers
collide at the grain boundaries and, in the steady state, have an effective mean free path λG,
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constrained by the size of the grains, and a mean relaxation time τG. A simple approach to
consider the grain boundaries is represented in Fig. 2.7. The mobility associated with this
mechanism can be expressed as:

µ G = qτ G / m ∗ = qλ G / m ∗υ

(2.32)

where m∗ is the effective mass of the carriers and υ the mean thermal velocity.

Fig. 2.7. Ideal view of grain boundaries in a polycrystalline film

According to Korzo and Chernyaev [44], if the total resistivity in a polycrystalline
film is expressed as:

ρ=

∑ρ

(2.33)

i

i

where “ i ” corresponds to the different scattering mechanisms, the scattering at the grain
boundaries can be described by:

µG =

eυ
 Φ 
exp − B 
 KT 
4 NKT

(2.34)

where N is the number of surface barriers per unit length of the film thickness (i.e. number of
grains), υ is the mean thermal velocity of the carriers and ΦB is the barrier height. Equation
(2.34) shows that the mobility increases with rising the grain size in the film.
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The above discussed behaviour of mobility has experimentally been confirmed for
indium oxide films. Weiher [101] has suggested that the measured Hall mobility for single
In2O3 crystals can be represented by the expression:

µH =

ABT 3 / 2
A + BT 3

(2.35)

where A and B are constants whose values are determined by the dominant scattering
mechanism. Equation (2.35) can be interpreted as a combination of lattice scattering and
ionized impurity scattering. Weiher has shown that the above equation fits the experimental
mobility data extremely well. Figure 2.8 shows the temperature dependence of mobility for
four single In2O3 crystals with different carrier concentration. It is clear from Fig. 2.8 that the
measured Hall mobility is equal to the bulk mobility. However, for polycrystalline In2O3
films, it has been found that the measured Hall mobility is much smaller than the bulk
mobility. This has been interpreted in terms of carrier scattering at the grain boundaries.
Korzo and Chernyaev [44] have measured the Hall mobility for In2O3 films with different
structures and observed that both the slope of µ H (T ) and the absolute value of mobility are
closely connected with the film structure. These experimental results given in Fig. 2.9 were
obtained for three different structures of films: 1 amorphous, 2 polycrystalline with grain size
less than 10 nm and 3 polycrystalline with grain size above 10 nm. Amorphous In2O3 films
have minimum values of Hall mobility and maximum slopes of temperature dependence
while polycrystalline In2O3 films have maximum values and at the same time µ H (T ) is only
slightly dependent on T. An increase in mobility values with increasing grain size is observed
for polycrystalline films in Fig. 2.9. This is in good agreement with equation (2.34), which
describes the effect of grain boundary scattering on the mobility of the films. For grain
boundary scattering, the mean free path l of the free electrons can be described by the
following equation [23]:

 h   3n 
l =   e 
 2e   π 

1/ 3

µ

(2.36)
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where ne is the electron concentration and µ is the Hall measured mobility. From the
equation(2.36), the mean free path of electrons can be determined in a given film, when their
concentration and mobility are measured and their values are known. If the mean free path is
considerably shorter than the grain size, scattering due to the grain boundaries is not
considered to be a dominant scattering mechanism.

Fig. 2.8. Temperature dependence of electron Hall mobility in single In2O3 crystals with

various electron concentrations [101] () 1. 09 × 1018 cm−3 (') 8. 40 × 1017 cm−3 (W)

6.50 × 1017 cm−3 (x) 4. 95 × 1017 cm−3
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Fig. 2.9. Temperature dependence of Hall electron mobility in In2O3 films with various

structures [44]. 1 amorphous, 2 polycrystalline with grain size less than 10 nm, 3
polycrystalline with grain size above 10 nm.

This effect of grain boundary scattering on the measured Hall mobility, which has
been experimentally observed, can be predicted by the grain boundary conduction model.
Consider a one-dimensional band diagram for a non-degenerate n-type semiconducting film
with parabolic bands [102], shown in Fig. 2.10(a). For a degenerate n-type semiconducting
film the analogous one-dimensional band diagram [93] is shown in Fig. 2.10(b), where any
large depletion layer barrier effect on conduction may be reduced by tunnelling. In Fig. 2.10,
x is an arbitrary direction through the crystal while n1 and n2 represent the carrier

concentrations within the crystal and within the boundary between two microcrystallites,
respectively. Of course, the barriers exist all around the three dimensional surface of each
grain, but for discussion of the electron transport properties it is convenient to consider only
one dimension.
Anderson [102] has provided an expression for the mobility due to the carrier
scattering at the grain boundaries, based on Petritz’s model of potential barriers formation at
the boundaries. According to the equation (2.5), the carrier concentration within the bulk of
the grain in Fig. 2.10(a) can be written:
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 E − E FG 
n1 = N C exp − C


KT 

(2.37)

Respectively, the carrier concentration within the grain boundary region can be written:
 E − E FB 
n2 = N C exp − C


KT 

(2.38)

From equations (2.37) and (2.38) results:
n1
 E − E FB 
= exp FG



n2
KT

(2.39)

The carriers which are able to cross the intergrain boundary are only those that remain free at
the surface of the grain. This is just the concentration n2. Therefore, the conductivity can be
written as:

σ = n 2 eµ B

(2.40)

where µB is the mobility due to scattering at the grain boundary. By substituting the equations
(2.1) and (2.39) into equation (2.40) the second becomes:
 eΦ B 

 KT 

σ = n1 eµ B exp −

(2.41)

Equation (2.41) shows that if Hall effect and conductivity measurements are carried out the
carrier concentration and mobility obtained by them will include the effect of the barriers.
Since the barrier regions, where the carrier concentration is lowered, is only a small fraction
of the total volume of the film, the carrier concentration obtained by Hall effect measurements
can be taken to be n1. The mobility measured will include the normal bulk mobility as well as
the effect of the barriers. From equation (2.41) the mobility can be written:
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Fig. 2.10. One dimensional energy band diagram for an n-type semiconducting film

according to the grain boundary conduction model (a) non-degenerate semiconductor [102]
(b) degenerate semiconductor [93]

 eΦ B 

 KT 

µ = µ B exp −

(2.42)

Therefore, the carrier concentration is not reduced by the barrier effect, rather that all carriers
take place in the conduction process but with reduced mobility. Bube [103] has proposed that
the equation (2.42) can be generalized to include the case in which scattering within the grain
can be significant. This can be accomplished by writing µ B = µ b (T ) , where µb is the bulk
representation of the crystallite mobility. Therefore:
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 eΦ B 

 KT 

µ H = µ b exp −

(2.43)

The effect of the grain boundary barriers determine the Hall mobility when the carrier
concentration is low enough to feel the influence of the barriers to full extent. This effect
diminishes when the carrier concentration increases due to the tendency of the “Fermi sea” to
overflow the barriers with beginning degeneracy. The Hall mobility will be equal to the “true
mobility” (bulk mobility) if the degeneracy is high enough. However, as long as the
degeneracy is not high enough, the equation (2.43) describes the mobility to a good
approximation if the proper statistics and band model are used in the expressions of n1 and n2.
In this case, degeneracy of the donor level must be considered and the equation (2.5) is then
replaced by the general equation:

 E − EF 
n = N C 1 + g exp D
  F (η)
 KT   1/ 2


(2.44)

where g is the spin degeneracy of the donor states, ED represents the donor level and F1/2(η) is
the standard Fermi integral [104], where η =

EF
.
KT

A quantity which is usually deduced from experimental measurements is the
activation energy of conductivity, which can be defined as:

Ea ≡ K

∂ (ln σ )
∂ (1 T )

(2.45)

From equation (2.41) results that the conductivity is proportional to exp( − Φ B KT ) in the
thermal emission model. Therefore, from equation (2.45) derives:
Ea = Φ B

(2.46)

This means, in general, that any change in the density of the defect states around the Fermi
level in the grain boundary region will cause a change in the barrier height ΦB
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and

correspondingly a change in the value of Eα . The activation energy of conductivity can be
experimentally obtained from the slope of a plot of ln σ versus 1 T .

2.2.5 Influence of oxygen on the grain boundary barriers

In accordance with the grain boundary conduction model, oxygen diffuses into a
polycrystalline film along grain boundaries and, from these, into the grains themselves. When
a polycrystalline film is exposed in air or in an oxygen atmosphere, the grain boundaries
absorb oxygen. As a result of that, the surface of the grains are covered with many adsorbed
oxygen ions. In general, the adsorption of a gas on the surface of a semiconducting film with
exchange of charge with the film is called chemisorption. Such a process of chemisorption
can either remove majority carriers or supply majority carriers at the grains. However, when
oxygen is chemisorbed on a polycrystalline film, not only the bulk effect of oxygen occurs in
the grains, but the oxygen adsorbed at the grain boundaries has an additional effect on the
electronic transport. As the origin for the formation of potential barriers at the grain
boundaries is the existence of defect states in the boundary region, it is expected that any
increase in the density of these defect states will cause an increase in the barrier height. The
diffused oxygen ions act as trapping centres for the electrons in the boundary region, resulting
in a reduction of their concentration. Therefore, these oxygen traps are identical to or
associated with the defect states that are responsible for the charge build up at the grain
boundaries. It is then believed that the barrier height at the grain boundaries is determined by
the amount of chemisorbed oxygen. The bulk effect of adsorbed oxygen in polycrystalline
films in terms of the band diagram is: oxygen produces a deep surface state below the
conduction band, which removes one electron from the conduction band for each oxygen ion
chemisorbed. Therefore, in an n-type semiconductor, the effect of oxygen is to decrease the
dark conductivity, while in a p-type semiconductor, the chemisorption of oxygen contributes
an additional hole to the material and increases the conductivity.
The effect of oxygen on the grain boundaries has been experimentally confirmed for
polycrystalline indium-tin oxide (ITO) films by temperature dependence of Hall mobility
measurements carried out by Morris et al. [93]. They have produced microcrystalline indium
oxide films doped with about 10% tin onto room temperature substrates by the technique of
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reactive ion plating. The as-deposited films were of a microcrystallite size of the order of 10
nm and annealed in air. Their experiments have led to the following observations: during
heating the film in air the mobility decreased. A similar effect was shown when the heating
process was repeated, after cooling first the film. The first decrease in mobility was explained
in terms of the grain boundary model as a result of an increase in the barrier height. As the
temperature fell after heating, the barrier oxygen entering the grains was not replaced and the
barrier height partly recovered followed by a recovery of the mobility. Therefore, during
cooling the film an increase in the mobility has been noticed. When the second heating
process started, the mobility which had only partly recovered after the first heating, decreased
again. The electron concentration decreased after the first heating process as a result of
oxygen restitution of donor centres, and this happened again after the second heating. When
subsequently the film was heated in vacuum, both the mobility and the electron concentration
increased. This was explained as a sufficient diffusion of oxygen from the film (oxygen
desorption) resulting in a reduction of the barrier height so that the scattering at the barriers is
only comparable with the bulk scattering mechanisms. No grain growth was observed in the
films with annealing.
From this discussion it is concluded that the grain boundaries in polycrystalline
semiconducting films behave like “sponges” absorbing oxygen and passing it on the grains.
This process is associated with the complex nature of the conduction mechanism involved in
polycrystalline films. However, it should be emphasized that it is not possible to fabricate a
real polycrystalline semiconducting film composed solely of high quality bulk material
separated by grain boundaries. The material is likely to contain stoichiometry deviations,
point defects, etc. in addition to the grain boundaries, which can strongly affect the electrical
properties. In the case of polycrystalline semiconducting binary oxides, point defects which
can change the stoichiometry of the material are mainly related to oxygen. These point defects
are discussed following.
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2.3 Oxygen vacancies in semiconducting binary oxides
2.3.1 Stoichiometry and non-stoichiometry
All of the oxide materials, among them In2O3, that have been used as
transparent conductors are known to be n-type. Therefore, the electronic conductivity
in these materials is due to a transport of electrons. The high n-type conductivity
observed in oxides results from their anion deficiency, which usually appears in the
form of oxygen vacancies in the crystal lattice.
The chemical formulas for binary oxides are usually written to indicate that
there is a definite ratio of cations to anions in the compound, e.g. MaOb, where a and
b are usually small integers determined by the valency of the constituent atoms. When
the oxide MaOb contains M and O atoms in the exact ratio a/b, it is said to have a
stoichiometric composition. However, when an oxide is completely stoichiometric it
can only be an ionic conductor. Such materials are of no interest as transparent
conductors because of the high activation energy required for ionic conductivity. Real
oxides used for transparent conductors are hardly completely stoichiometric.
Non-stoichiometry in oxides may consist of two different types:
(1) oxygen deficiency with respect to stoichiometric composition
(2) metal deficiency (or excess oxygen) with respect to stoichiometric composition

Non-stoichiometry in a compound is equivalent to the presence of point defects in the
crystal lattice compared to that in the stoichiometric conditions and the extent of nonstoichiometry is a direct measurement of the net concentration of the corresponding
type of defect in the compound. When a non-stoichiometric oxide is oxygen deficient,
the dominant defects may be either oxygen vacancies (oxygen deficit) or interstitial
metal ions (excess metal), or both types of defects. A schematic illustration of this
type of defect structure is shown in Fig. 2.11. The formation of both oxygen vacancies
and interstitial cations leads to the formation of complimentary free

electrons.

Therefore, oxygen deficient oxides are characterized by n-type conductivity. In Fig.
2.11(a), Oo and MM represent oxygen and metal atoms, respectively, on normal sites
and VO⋅⋅ doubly charged oxygen vacancies. Respectively, in Fig. 2.11(b), M i⋅⋅
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represents doubly charged interstitial cations. In both Fig. 2.11(a) and 2.11(b), the
free electrons arising from either oxygen vacancies or interstitial metal ions are
assumed to be localized at M atoms on normal sites, M M′ .

Fig. 2.11. Schematic illustration of an oxygen deficient oxide, in which (a) doubly

charged oxygen vacancies are dominant and (b) doubly charged interstitial cations
are dominant [ 105].

Respectively, when a non-stoichiometric oxide is metal deficient, the dominant
defects may either be metal vacancies or interstitial oxygen atoms (excess oxygen). A
schematic illustration of this type of defects is shown in Fig. 2.12. The formation of
metal vacancies leads to the formation of complementary positive electronic defects
(holes). Therefore, metal deficient oxides are characherized by p-type conductivity. In
Fig. 2.12(a), V M′ represents singly charged metal vacancies, while in Fig. 2.12(b), Oi
represents singly interstitial oxygen ions. In both Fig. 2.12(a) and 2.12(b), the holes
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arising from either metal vacancies or interstitial oxygen ions are assumed to be
localized at M atoms on normal sites, M ⋅M .

Fig. 2.12. Schematic illustration of a metal deficient oxide, in which (a) singly

charged metal vacancies are dominant and (b) singly charged interstitial oxygen ions
are dominant [105].

In In2O3 films, the type of oxygen deficiency observed is usually oxygen
vacancies (with respect to 2/3 cation/anion ratio) which act as doubly charged donors
giving electrons to the conduction band. The formation of an oxygen vacancy will be
discussed in a following section. The non-stoichiometric In2O3 containing x doubly

( )

charged oxygen vacancies VO⋅⋅ may be written as In2 O3− x VO⋅⋅ e2 x . However, in this
work, the non-stoichiometric In2O3 is written for simplicity as InOx. It has also been
reported [106] that the oxygen deficiency in In2O3 films may be equivalent to the
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presence of excess indium compared to the stoichiometric composition. In this case,
the dominant defects are interstitial In+3 cations (triply ionized indium atoms).
However, as it has been shown, the possible contribution of In+3 to the conductivity is
below 0.1%. Therefore, In+3 in interstitial positions cannot be the major defect in
In2O3 films. The possibility of their presence cannot be excluded, but their
concentration is much smaller than the concentration of the oxygen vacancies and,
usually, it is not taken account of in the conductivity of the films.
Of all these types of point defects that can exist in binary oxides, in this work
the interest is focused on the oxygen vacancies which provide the free electrons for
conductivity in InOx films. Therefore, this type of defects will be the centre of
discussion in the following sections.

2.3.2 Formation of oxygen vacancies
In a crystal of an ionic compound the atoms are charged, and the cations and
anions may be attributed with a definite valence. In the case of oxides, the oxygen
ions in the regular sites are considered to have a valence of -2. The cations have a
positive valence, so that the sum of all the positive and negative charges in the
compound becomes equal to zero. This charge of the atoms in normal sites is termed
the actual charge of the atom. The point defects may be neutral or charged. However,
the charge on the defects is considered relative to the perfect crystal. This relative
charge is termed the effective charge of the defect.
If a crystal is to be electrically neutral, the sum of all effective positive
charges must be equal with the sum of all effective negative charges:

∑

pos. effective charges =

∑

neg. effective charges

This principle of electroneutrality forms one of the basic equations and conditions to
treat defect equilibria and to evaluate defect concentrations in crystals.
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When vacancies are present and thus when atoms in normal sites are missing,
part or all of the actual charge of the missing atom may be absent from the vacant site.
The process of the formation of an oxygen vacancy in a binary metal oxide has been
described in detail by Kofstad [105], and this process is presented here. An oxygen
vacancy is formed when an oxygen atom in a normal site is removed. In this process,
the two negative actual charges, i.e. two electrons, of the oxygen ion are left in the
crystal. If both of these two electrons are localized at the oxygen vacancy, the oxygen
vacancy has two negative actual charges and the charge is the same as in a perfect
crystal. In this case, the oxygen vacancy has zero effective charge. Such vacancies are
neutral. If one or both of the localized electrons are excited and transferred away from
the neighbourhood of the oxygen vacancy, the oxygen vacancy becomes singly or
doubly ionized, respectively. Since electrons are removed, the ionized oxygen
vacancies will have an effective positive charge with respect to the perfect crystal.
Such singly and doubly ionized oxygen vacancies are written as VO⋅ and VO⋅⋅ ,
respectively. The charged oxygen vacancy becomes an electron trapping site but in
this process one or two electrons are available for conduction. For the conduction to
be efficient, it is clear, that the volume fraction of traps must be small. Typical free
electron concentrations observed in binary oxides are in the region 1017 - 1021 cm-3.
Even at an electron concentration of 1021 cm-3, the number of charged oxygen
vacancies is expected to be small (about 1%). The oxides used as transparent
conductors are all chemically unstable. Therefore, they are relatively easy to oxidise
and reduce.

2.3.3 Defect reactions and equilibria related to oxygen vacancies
As it has been discussed above, an oxygen vacancy is formed when an oxygen
atom is removed from the crystal, which is usually equivalent to the transformation of
an oxygen atom on a normal site to the gaseous state. No change in the number of
sites takes place. This defect reaction may be written:

OO ↔ VOx + 21 O2

(2.47)
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where OO is an oxygen atom on a normal site which is transferred to the gas phase
and VOx is a neutral oxygen vacancy. Correspondingly, the neutral oxygen vacancy
acts as a donor and becomes singly or doubly charged according to the following
reactions:

VOx ↔ VO⋅ + e ′

(2.48)

VO⋅ ↔VO⋅⋅ + e ′

(2.49)

The corresponding equilibria to the above defect reactions may be written:
VOx pO1/22 = K1 OO

(2.50)

VO⋅ n = Ka VOx

(2.51)

VO⋅⋅ n = Kb VO⋅

(2.52)

where K1, Ka, Kb are the equilibrium constants and n = e′ denotes the electron
concentration. In the above defect equilibria, it is assumed that OO is equal to unity.
The principle of electroneutrality requires that:

n = VO⋅ +2 VO⋅⋅

(2.53)

By combining the above three defect equilibria and the principle of electroneutrality,
an expression for the electron concentration can be obtained as follows:
n 3 = K1 K a p O−12 / 2 (2 K b + n)

(2.54)

This equation has two limiting conditions:

if n >> 2Kb,

n = ( K1 K a )

1/ 2

p O−12 / 4
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(2.55)

n = ( 2 K1 K a K b )

if n << 2Kb,

1/ 3

pO−12 / 6

(2.56)

Therefore, in oxygen deficient oxides where oxygen vacancies are the dominant point
defects, the electron concentration depends on the ambient oxygen pressure and it
increases with decreasing oxygen pressure in the range from pO−12 / 4 to pO−12 / 6 . The extent
of non-stoichiometry and the defect concentration in binary metal oxides are
functions of temperature and partial pressure of their components. As the partial
pressure of the metal component is usually negligible compared with that of oxygen
partial pressure under most experimental conditions, the non-stoichiometry in metal
oxides is a result of the interaction with the oxygen in the surrounding atmosphere.
From the above defect equilibria and the electroneutrality condition, an
expression for the total concentration of oxygen vacancies VO

total

can also be

obtained. The total concentration of oxygen vacancies can be expressed as:

VO

total

[ ]

= VOx + VO⋅ + VO⋅⋅

(2.57)

In this case, there are three limiting conditions:
(i) if VOx >> VO⋅ + VO⋅⋅ , then: VO

so, equation (2.50) gives:

VO

total

(ii) if VO⋅ >> VOx + VO⋅⋅ , then: VO

total

= VOx

= K1 pO−12 / 2

total

(2.58)

= VO⋅

so, the combination of the equations (2.50), (2.51) and (2.53) gives:

VO

total

= ( K1 K a )

1/ 2

p O−12 / 4

(iii) if VO⋅⋅ >> VOx + VO⋅ , then: VO

(2.59)

total

= VO⋅⋅
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in this case the electroneutrality condition becomes: n = 2 VO⋅⋅

(2.60)

so, the combination of the equations (2.50), (2.51), (2.52) and (2.60) gives:

VO

total

= (1 4 K1 K a K b )

1/ 3

p O−12 / 6

(2.61)

Therefore, the concentration of the oxygen vacancies in an oxygen deficient oxide
depends on the oxygen pressure in the range from pO−12 / 2 to pO−12 / 6 .

2.3.4 Thermodynamics of formation of oxygen vacancies

In the formation of oxygen vacancies, in which an oxygen atom on a normal
site is transferred to the gaseous state, the chemical bonds of the atom to the
neighbouring atoms are broken. Thus, the process of the formation of an oxygen
vacancy is related to the bond strength in the oxide. A quantity which expresses the
average bond strength in a compound is the enthalpy of the formation of the
compound. The formation of vacancies in a compound is expected to change the
stability, and in turn, the enthalpy of the compound. From thermodynamics, it is well
known that the free energy of a system, G, is given by the equation:

G = H − TS

(2.62)

where T is the absolute temperature and H and G are the enthalpy and entropy of the
system, respectively. The equation (2.62), in the case that vacancies are formed in a
compound, may take the form:
∆G 0 = ∆H 0 − T ∆S 0 = − KT ln KV

(2.63)

where ∆G 0 is the standard (i.e. at atmospheric pressure) free energy change of the
compound, ∆H 0 is the standard enthalpy of formation of the individual vacancies,
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∆S 0 is the standard entropy change associated with the formation of the vacancies and
KV is the equilibrium constant of the defect reaction. For the case of the formation of a
doubly charged oxygen vacancy, as it has been discussed above, the defect reaction
is:

OO ↔ VO⋅⋅ + 2e' + 21 O2

(2.64)

and the corresponding defect equilibrium can be written:

KV ⋅⋅ = VO⋅⋅ n 2 pO1/22

(2.65)

O

The equations (2.64) and (2.65) for the case of In2O3 films, assuming that the oxygen
vacancies are doubly charged, may be written as follows:
2 In In + 3OO ↔ 2 In In + 3 VO⋅⋅ +6e ′ + 3 2O2
3

KV ⋅⋅ = VO⋅⋅ n 6 pO3/22

(2.66)

(2.67)

O

where InIn and OO represent an indium and oxygen atom in a normal site, respectively.
By substituting the equation (2.67) into the equation (2.63) and using the
electroneutrality condition (2.60), the former one becomes:
1

∆ H 0 − T ∆ S 0 = − KT ln  n 9 p O3 /2 2 
8


(2.68)

In the equation (2.68) the values of the quantities ∆H 0 and ∆S 0 , which are not a
function of temperature, can be experimentally deduced from a logn vs 1/T plot. Then
from equation (2.68) the electron concentration can be determined as a function of
temperature and oxygen partial pressure.
High accuracy wavelength dispersive x-ray analysis (WDX) carried out on
In2O3 films by Bellingham et al. [107] to measure the correlation of oxygen
deficiency with electron concentration showed that there are ten times as many
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oxygen vacancies as would be expected from the electron concentration
measurements. This is a clear indication that the doping mechanism in In2O3 films is
more complex than the simple picture that every oxygen vacancy produce two free
electrons, and it is in a very good agreement with the theory of the formation of
oxygen vacancies presented above. Therefore, an experimental determination of the
concentration of oxygen vacancies can at best provide the total concentration of point
defects related to oxygen, but not the real concentration of charged oxygen vacancies
which contribute to the conductivity.
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2.4 Optical properties of polycrystalline semiconducting films
2.4.1 Optical constants
The optical constants of materials, which are necessary to know in order to
deal with the optical properties of transparent semiconducting films, are briefly
presented here. The basic idea of all the optical properties is the interaction of
electromagnetic radiation with the electrons of materials. Electromagnetic radiation
propagates differently in materials than in free space because of the presence of
charge. As a result of that, there is a change in the wave velocity and intensity of the
radiation described by the complex index of refraction, which is defined as:
nc ≡ n − ik

(2.69)

where n is the real index of refraction and k is the index of absorption, which is also
known as the extinction coefficient.
The mechanisms of light loss in transparent conducting films are absorption,
reflection and scattering. Charge carrier absorption, absorption by bound charges and
molecular scattering are related to the film materials themselves. The same types of
absorption also occur in substrates, but this is not considered, as the effect of substrate
absorption is always subtracted from the optical data. Reflections occur at the airfilm, film-substrate and substrate-air interfaces.
The ratio of the transmitted light intensity I to the incident light intensity Io,
when light is passed through an absorbing film, is given by the well known equation
(Lambert’s law):

I = I o e −ad

(2.70)

where a is the absorption coefficient and d the thickness of the film. The absorption
coefficient a is related to the extinction coefficient k by the equation:
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a=

4πk

(2.71)

λ

where λ is the wavelength of the light.

2.4.2 Optical interference method for the determination of the refractive index
and thickness of a transparent film on a transparent substrate

The theory of the optical behaviour of a single transparent film on a
transparent substrate is presented here. It is assumed that the substrate and film
surfaces are perfectly smooth, that the film thickness is uniform and that the optical
constants of the film and substrate are homogeneous. The transmission T and
reflectance R of this system depend on the refractive index n1 and the thickness d of
the film, the wavelength λ of the light and the refractive index n2 of the substrate. A
system like this is shown in Fig. 2.13 [108].

Fig. 2.13 Reflection and transmission of light by a transparent film for the general

case of incidence at an angle with respect to the normal to the sample [108].
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The substrate thickness ds is much larger than d and the substrate refractive index n2
may be either larger or smaller than n1. The incoming beam is incident upon the
sample at an angle θo. Figure 2.13 shows the behaviour of a single ray of this beam
whose intensity and wavelength is Io and λ, respectively. The incident ray is partly
reflected (1) at the surface of the film (point a) at angle θo and partly transmitted at an
angle θ1. The transmitted portion upon arrival at the interface film-substrate (point b)
is again partly reflected (2) at the surface of the film (point c) and partly transmitted at
an angle θ2. The angles θo, θ1 and θ2 are related by Snell’s law:
no sin θ o = n1 sin θ 1 = n2 sin θ 2 . The optical pathlength of ray (1) is longer than that of

ray (2) by [109]:
∆ = 2n1 d cos θ 1

(2.72)

If this analysis process is continued, the reflectance and transmittance are easily
determined by summation of the multiply reflected and transmitted beams, taking in
account the phase difference δ between the successive beams, which is expressed as:
2π
 ∆
δ =  π =
n d cosθ 1
 λ
λ 1

(2.73)

Considering a unit amplitude for the incident light, the result of the summation for the
reflected and transmitted amplitude is given by [110]:

A=

B=

r1 + r2 exp( −2iδ )

(2.74)

1 + r1 r2 exp( −2iδ )
t 1 t 2 exp( −iδ )

(2.75)

1 + r1 r2 exp( −2iδ )

Since an incident beam with a unit amplitude has been considered, the reflectance and
transmittance are given by:
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r12 + 2r1r2 cos 2δ + r22
R=
1 + 2r1 r2 cos 2δ + r12 r22

(2.76)

n2
t 12 t 22
T=
⋅
n0 1 + 2r1r2 cos 2δ + r12 r22

(2.77)

where the r’s and t’s are Fresnel coefficients which depend on the polarization of the
incident light. If the polarization is in the plane of the incidence the Fresnel
coefficients with the use of Snell’s law may be written as:

r1 = r1 p =

t1 = t1 p =

tan(θ 1 − θ 0 )

tan(θ 1 + θ 0 )

2 sin θ 1 cosθ 0
sin(θ 1 + θ 0 ) cos(θ 1 − θ 0 )

r2 = r2 p =

t2 = t2 p =

tan(θ 2 − θ 1 )

tan(θ 2 + θ 1 )

(2.78)

2 sin θ 2 cos θ 1
(2.79)
sin(θ 2 + θ 1 ) cos(θ 2 − θ 1 )

If the polarization is normal to the plane of incidence the Fresnel coefficients may be
respectively written:

r1 = r1s =

t 1 = t 1s =

sin(θ 1 − θ 0 )

sin(θ 1 + θ 0 )

2 sin θ 1 cosθ 0
sin(θ 1 + θ 0 )

r2 = r2 s =

t2 = t2s =

sin(θ 2 − θ 1 )
sin(θ 2 + θ 1 )

2 sin θ 2 cosθ 1
sin(θ 2 + θ 1 )

(2.80)

(2.81)

If the film or the surrounding media are absorbing, the values of no, n1 and n2 need to
be replaced by the complex refractive index nc = n-ik.
Manifacier et al. [111, 112] have developed a rather straightforward procedure
to deduce the optical constants and thickness from the fringe pattern of the
transmission spectrum of a transparent dielectric film surrounded by non-absorbing
media. In the general case, a film with a complex refractive index n1 = n-ik has been
considered, bounded by two transparent media with refractive indices no and n2, seen
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in Fig. 2.14, for the case of normal incidence. In most practical cases n > no and n >
n2.

Fig. 2.14 Reflection and transmission of light by a transparent film for the case of

normal incidence.

According to the equation (2.75), the amplitude of the transmitted beam can be
written as:

B=

t 1t 2 exp( − 2πin1 d λ )

(2.82)

1 + r1r2 exp( − 4πin1d λ )

where r1, r2, t1, t2 are the reflection and transmission coefficients (Fresnel
coefficients) which are deduced from the equations (2.80) and (2.81) for the case of
normal incidence.
From equation (2.77), the transmittance is then given by:
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(

)

16n0 n2 n 2 + k 2 b
n2
2
T=
(2.83)
⋅B =
n0
A ′ + B ′b 2 + 2b C ′ cos( 4πnd λ ) + D ′ sin(4πnd λ )

[

where: A ′ = ( n + n 0 ) + k 2

[

2

][(n + n )

2

+ k2

]

[

2

][(n − n )

2

+ k2

]

B ′ = (n − n0 ) + k 2

(

2

2

)(

]

)

C ′ = − n 2 − n 02 + k 2 n 2 − n22 + k 2 + 4 k 2 n 0 n 2

(

)

(

D ′ = 2 kn 2 n 2 − n 02 + k 2 + 2 kn0 n 2 − n 22 + k 2

)

b = exp( − 4πkd λ ) = exp( − ad )

(2.84)

a = 4πk λ ,

and a is the absorption coefficient.
In the case of weak absorption, k 2 << n 2 , and in turn, k 2 << (n − n 0 )

2

(n − n2 ) 2 , so the above parameters become:
A ′ = (n + n 0 ) (n + n 2 ) ≡ C12 ,

where: C1 = ( n + n 0 )(n + n2 )

B ′ = ( n − n 0 ) ( n 2 − n) ≡ C22

where: C2 = (n − n 0 )(n 2 − n)

2

2

2

(

2

)(

)

C ′ = − n 2 − n 02 n 2 − n 22 = C1 C2
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and k 2 <<

It is easy to see that D ′ << C ′ , so in the case of weak absorption the term

D ′ sin( 4πnd λ ) in the equation (2.83) can be neglected. Therefore, the transmittance
in the case of weak absorption may be written as:

T=

16n0 n2 n 2 b
C12 + C22 b 2 + 2C1C2 b cos(4πnd λ )

(2.85)

In general, both the transmittance and the reflectance exhibit oscillations (known as
interference fringes) versus wavelength in wavelength regions outside of the region of
fundamental absorption (hν > EG , energy band gap of the film) or of the free-carrier
absorption (higher wavelengths), where the film is transparent. The interference
fringes appear in the transmission spectrum as maxima and minima of T , which in
equation (2.85) occur for:
4πnd

λ

= mπ

(2.86)

where m is the order of the interference fringes in the transmission spectrum. The
equation (2.86) is the basic equation for production of interference fringes.
The extreme values of the transmission given from equation (2.85) are:

Tmax =

Tmin =

16n 0 n 2 n 2 b

(2.87)

(C1 − C2 b) 2
16n0 n 2 n 2 b

(2.88)

(C1 + C2 b) 2

In this point, Manifacier et al. have proposed an important simplification in this
method: they consider Tmax and Tmin as continuous functions of λ. These functions
which are the envelopes of the maxima and minima in the transmission spectrum are
shown in Fig. 2.15.
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Fig. 2.15 Typical transmission spectrum for a SnO2 film of uniform thickness of 2µm

[112].

The ratio of the equations (2.87) and (2.88) gives:

[
b=
C [1 + ( T

C1 1 − (Tmax Tmin )

1/ 2

Tmin )

1/ 2

2

max

]
]

(2.89)

By substituting the equation (2.89) into the equation (2.87) the second one gives:

[

(

n = N + N 2 − n 02 n 22

where: N =

)

]

1/ 2 1/ 2

(2.90)

n 02 + n 22
T − Tmin
+ 2n 0 n 2 max
2
Tmax Tmin

From equation (2.90) it is clear that n is determined from the values of Tmax and Tmin
at the same wavelength, when the values of no and n2 are known. Knowing n, the
values of C1 and C2 can be determined, and subsequently the value of b can be
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determined from equation (2.89). The thickness of the film can be calculated from
two maxima or two minima using the equation (2.86):

d =

M 12 λ 1 λ 2
2n( λ 1 − λ 2 )

(2.91)

where λ1 and λ2 are the wavelengths of two extrema (maxima or minima) and M12 are
the number of fringes separating these extrema. For example, if two adjacent maxima
or minima are chosen, M12 = 1. If one minimum and an adjacent maximum are
chosen, M12 = 1/2. If a maximum and a minimum separated by an intermediate
maximum and minimum are chosen, M12 = 3/2. Knowing b and the thickness d, the
extinction coefficient k and the absorption coefficient a can be determined from
equation (2.84).
The above method constitutes an easy way to calculate the optical constants of
a weakly absorbing semiconducting film. For this method to be used most
successfully, the film should be sufficiently thick (about 1 µm) so that the interference
fringes are closely spaced and thus the determination of Tmax and Tmin becomes more
accurate.

2.4.3 Fundamental absorption and optical gap determination

The fundamental absorption is related to the band-to-band transitions in a
polycrystalline semiconductor, i.e., to the excitation of an electron from the valence
band to the conduction band. Therefore, the fundamental absorption can be used to
determine the energy gap of the semiconductor. The kinetic energy of a conduction
electron can be expressed as:

p2
E=
2me

(2.92)
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where p is the crystal momentum and me is the electron effective mass. From quantum
mechanics, where a particle is considered as a wave, the crystal momentum in
equation (2.92) can be written:

p = hk

(2.93)

where k is the wave vector, which in the case of a semiconductor is called the “crystal
momentum vector”. Then equation (2.92) can be rewritten as:
d2 k 2
E=
2me

(2.94)

A similar expression can be written for holes in the valence band, with effective mass
mh . The photon absorption process in a semiconductor is described by the absorption

coefficient a(hν) which for a given photon energy hν is proportional to the probability

Pif of the transition from the initial state i to the final state f and to the density of
electrons in the initial state ni and also to the density of available (empty) final states

nf , and this process must be summed for all the possible transitions between states
separated by an energy difference equal to hν [113]:
a( hν ) = A∑ Pif ni n f

(2.95)

For simplicity, it is assumed that all the lower states are filled and all the upper states
are empty. The dependence of the absorption coefficient a with the photon energy hν
is different for direct transitions and indirect transitions. In direct transitions, both the
top in the valence band and the bottom in the conduction band occur at the same
crystal momentum k = 0 , so that a transition from the valence band to the conduction
band is vertical and does not require a change in the crystal momentum for the
electron. In indirect transitions, the bottom of the conduction band occurs for some
value of k other than k = 0 and in this case a transition between the two bands requires
not only a change in energy (≥ E g ) but also some change in the crystal momentum.
This transition is a two-step process because the photon cannot provide a change in
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momentum. This change is accomplished by a phonon interaction. Thus, to complete
the transition from the valence band to the conduction band, a phonon with a
characteristic energy E p either emitted or absorbed. As seen in Fig. 2.16, these two
processes are given, respectively, by:
hν e = E f − E i + E p
hν a = E f − E i − E p

However, in this section, the case of direct transitions is only discussed in detail, since
In2O3 is well known as a semiconductor with allowed direct transitions.

Fig. 2.16 Schematic illustration of an indirect absorption transition [113].

For transitions between two direct valleys at k = 0, seen in Fig. 2.17, the
transition probability Pif is independent of photon energy, so it can be taken as a
constant.
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Fig. 2.17 Schematic illustration of a direct absorption transition [113].

Every initial state at energy Ei is associated with a final state at energy Ef through the
relation:
E f = hν − E i

(2.96)

For parabolic bands,

E f − Eg =

h2 k 2
2me

and

Ei =

d2 k 2
2 mh

(2.97)

Therefore:
1
h2k 2  1
hν − E g =
+


2  me mh 

where

(2.98)

1
1
1
+
≡ , and mr is defined as the reduced mass.
me mh mr
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The density of directly associated states, using also the equation (2.98), can then be
written as[113]:

N (hν )d (hν ) =

8πk 2 dk

(2π ) 3

=

(2mr ) 3/ 2
2π 2 h 3

(hν − E )
g

1/ 2

d (hν )

(2.99)

Using the equations (2.95) and the (2.99), the absorption coefficient is given by:

(

a( hν ) = A ∗ hν − E g

)

1/ 2

(2.100)

where hν and Eg are expressed in eV. Such a plot, by extrapolation to a = 0, gives the
value of Eg.
In some materials, quantum selection rules forbid direct transitions at k = 0,
but allow them at k ≠ 0. In this case, in accordance with Fig. 2.17, the transition
probability increases with k 2 , and in turn, this means that the transition probability

(

)

increases proportionally to hν − E g , as seen from the equation (2.98). Since the

(

density of states linked in direct transitions is proportional to hν − E g

)

1/ 2

, the

absorption coefficient in this case is given by:

(

a( hν ) = A ∗∗ hν − E g

)

3/ 2

(2.101)

However, this is not the case of In2O3.
If the semiconductor is heavily doped, the Fermi level is inside the band
(conduction band for n-type material, valence band for p-type material) by a quantity
of ξ. This is shown in the Fig. 2.18 for an n-type material.
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Fig. 2.18 Energy vs. density of states diagram for n-type degenerate semiconductor

[113].

Since the states below ξ n are already filled, fundamental transitions to states below

E g + ξ n are forbidden. Therefore, the absorption edge should shift to higher energies
by about ξ n . The shift of the absorption edge due to band filling is known as the
Burstein-Moss shift [114, 115]. This energy shift is proportional to the increase in
electron concentration in the conduction band and can be written as:

E g − E g0

π 2 h 2  3ne 
=


2m  π 

3/ 2

(2.102)

where E g0 is the intrinsic band gap and m is the effective mass. The equation (2.102)
can apply to metal binary oxides which are enough reduced, so that the electron
concentration in the conduction band is remarkably increased.
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3. EXPERIMENTAL TECHNIQUES AND METHODS USED FOR THE
GROWTH AND CHARACTERIZATION OF InOx FILMS
3.1 Sputtering deposition technique
3.1.1 Sputtering deposition process
When atoms or ions with energy of several keV bombard a solid surface,
single atoms, molecules or clusters will deposit on the surroundings. This process,
which is called sputtering, has been used widely in the development of thin films for
microelectronic applications. A simplified sputtering system is shown in Fig. 3.1. The
target is a plate of the material to be deposited, i.e. the material from which a film will
be composed. Because it is connected to the negative terminal of a dc or rf power
supply, the target is also known as the cathode. The substrate, which faces the target,
may be grounded, biased positively or negatively, heated, cooled, or some
combination of these. The substrate is also known as the anode. After evacuation of
the chamber, an inert gas, typically argon, is introduced and serves as the medium in
which a discharge is initiated and sustained. Gas pressures are usually in the range of
a few to 100 mTorr. After a visible glow discharge is maintained between the
electrodes, a current flows and a film forms gradually on the substrate.

(a)

(b)

Fig. 3.1 Schematic illustration of sputtering systems (a) dc (b) rf
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Microscopically, the manner in which a glow discharge progresses in a low
pressure gas is as follows [116−118]: at the beginning, a very small current flows in
the chamber due to the initially small number of charged particles in the system. As
the voltage is increased, sufficient energy is imparted to the charged particles to create
more carriers. The glow discharge consists of neutral atoms, positive ions and
electrons. The electrons are accelerated toward the anode by the electric field and
produce additional ions on the way by impact ionization. The positive ions in the
discharge strike the cathode plate transferring energy to the neutral atoms at the target
surface. Some of these atoms, which acquire enough energy, are ejected from the
target, enter and pass through the discharge region and eventually deposit on the
growing film. In this process, secondary electrons are emitted from the target which
are accelerated toward the anode and produce new ions in the gas. Eventually, when
enough of the electrons generated produce sufficient ions to regenerate the same
number of initial electrons, the discharge becomes self-sustaining. The gas begins to
glow now and the voltage drops followed by a sharp increase in the current. At this
state “normal glow” occurs. Initially, ion bombardment of the cathode is not uniform
but is concentrated near the cathode edges. As more power is applied, the
bombardment spreads over the whole cathode surface until a uniform current density
is achieved. A further increase in power results in higher voltage and current density
levels. The “abnormal discharge” state has now been entered, and this is the operative
region for sputtering.
Different glow regions can be defined between the target and the substrate,
based on the different processes occurring in the discharge. Near the cathode, a highly
luminous layer appears, known as cathode glow. The light emitted depends on the
incident ions and the cathode material. In the cathode glow region, neutralization of
the incoming discharge ions occurs resulting in the production of positive cathode
ions and secondary electrons. The secondary electrons start to accelerate away from
the cathode in this region and collide with neutral gas atoms located at some distance
away from the cathode. After the cathode glow region, there is a dark space, in which
almost all of the applied voltage is dropped. Within the dark space the positive ions
are accelerated toward the cathode. The next region is the “negative glow”, where the
accelerated electrons acquire enough energy to ionize the neutral gas atoms by
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collisions. The sequence of these discharge regions are schematically depicted in Fig.
3.2.

Fig. 3.2 Luminous regions of the dc glow discharge [117].

Of all the deposition methods for preparation of thin semiconducting films
suitable for microelectronic applications, the techniques of sputtering and evaporation
are most favoured to be used, mainly due to the low cost and the easiness of the
process. However, sputtering has some advantages over the evaporation process:
− good film uniformity
− surface smoothness
− thickness control
− good adhesion
− less waste of expensive source material, as sputtering is more directional than
evaporation.
Sputtering processes can be divided into four categories: (1) dc, (2) rf, (3)
magnetron and (4) reactive. However, there are important variants within each
category (e.g. dc bias) and even crossbreeds between categories (e.g. reactive dc). In
all these cases the atoms are ejected from the target by the same basic mechanism of
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energy exchange between energetic particles and surface atoms. However, the dc
reactive planar magnetron sputtering process will only be discussed here. The
magnetron sputtering allows for higher deposition rates compared to the conventional
sputtering process. In reactive sputtering, films of compounds may be deposited on
substrates from metallic targets in the presence of a reactive gas, usually mixed with
the deposition inert gas (Ar). In a such way, the composition of the films is controlled
by varying the reactive gas pressure (i.e. partial pressure). The most common
compounds reactively sputtered and the reactive gases used are briefly listed here:
1. Oxides (oxygen): Al2O3, In2O3, SnO2, SiO2, ZnO, Ta2O5
2. Nitrides (nitrogen, ammonia): TaN, TiN, AlN, Si3N4
3. Carbides (methane, acetylene, propane): TiC, WC, SiC
4. Sulfides (H2S): CdS, CuS, ZnS
5. Oxycarbides and oxynitrides of Ti, Ta, Al and Si.

3.1.2 Magnetron sputtering
In a conventional dc sputtering, the electrons experience only the effect of the
electric field between the target and the substrate. When a magnetic field of strength
B is superimposed on the electric field E between the target and the substrate, the
electrons orbit in a completely different motion. Such a situation arises in magnetron
sputtering [119]. Electrons within the dual field experience the well known Lorentz
force in addition to the electric force, i.e. their motion is described by:

F= m

dυ
= − q (E + v x B)
dt

(3.1)

where q, m and υ are the electron charge, mass and velocity, respectively. If B and E
are parallel, seen in Fig. 3.3(a), the secondary electrons are emitted exactly normal to
the target surface and parallel to both fields, then v x B vanishes. In this case, the
electrons are only influenced by the electric field, which accelerates them toward the
anode. If the electric field is neglected but the magnetic field is still applied, and an
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electron is emitted from the cathode with velocity υ at a angle θ with respect to B,
seen in Fig. 3.3(b), it experiences a force qυB sin θ in a direction perpendicular to B.
In this case, the electron orbits in a circular motion with a radius r which is
determined by the balance of the centrifugal force, m(υ sin θ )

2

r , and the Lorentz

force, qυB sin θ , and is equal to r = mυ sin θ qB . The electron motion is then
helical. It spirals along the axis of the discharge with a constant velocity υ cos θ . If
the electron is emitted at an angle with respect to both B and E parallel fields, seen in
Fig. 3.3(c), then its motion is more complex. Helical motion with a constant radius
occurs, but because of the electron acceleration in the electric field, the pitch of the
helix increases with time. It is clear from the above discussion that the magnetic field
prolongs the residence time of the electrons in the plasma and, in turn, the probability
of ion collisions. This results in a larger discharge current and, therefore, a higher
sputter deposition rate.
However, in magnetron sputterings, the secondary electrons ideally do not
even reach the anode but are trapped near the cathode, increasing in a such way the
ionizing efficiency there. As a result of that, much higher deposition rates can be
achieved. This process is accomplished by employing a magnetic field parallel to the
target and perpendicular to the electric field [119], as shown in Fig. 3.4. In practice,
this can be achieved by placing bar or horseshoe magnets at the back of the target. In
a such arrangement, the magnetic field lines first come out normal to the target, then
bend with a component parallel to the target surface (this is the magnetron
component) and finally return completing the magnetic circuit, as seen in Fig. 3.4.
Thus, the electrons emitted from the cathode are initially accelerated toward the
anode, performing a helical motion, but when they reach the region of the parallel
magnetic field, they are bent in an orbit back to the target. By solving the coupled
differential equations resulting from the three components of equation 3.1, the
parametric equations of electron motion can be written:
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Fig. 3.3 Effect of E and B on electron motion (a) Linear motion when E //B (θ = 0)

(b) helical orbit of constant pitch when E = 0, B ≠ 0 (θ ≠ 0) (c) helical orbit of
inconstant pitch when E //B (θ ≠ 0) [ 119].


sin(ω c t ) 
1 −

ω ct 


x=

Et
B

y=

qE
1 − cos(ω c t )
mω 2c

[

(3.2)

]

(3.3)

where x and y are the distances along and above the target, respectively, and

ω c = qB m . These equations describe a cycloidal motion that the electrons perform
within the cathode dark space where both fields are present. However, if electrons
stay into the negative glow region where the electric field is small, they perform a
circular motion before collisions may drive them back into the dark space or forward
toward the anode. By suitable orientation of the target magnets, a “race track” can be
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defined where the electrons hop around at high speed. Within this track, target erosion
by sputtering occurs, because ionization of the working gas is most intense above it.

Fig. 3.4 Magnetic field and electron motion in a planar magnetron sputtering [119].

3.1.3 Sputtering equipment

The sputtering equipment used for the deposition of the InOx films in the
present work is a dc planar reactive magnetron sputtering from ALCATEL. Like a
typical sputtering deposition system, seen in Fig. 3.5, it consists of a vacuum
chamber, where the deposition process occurs, a pumping system, a gas supply
system and a power supply system. The deposition chamber is made of stainless steel
of cylindrical shape with a square base of 0.28 m2 and a height of 0.4 m. It includes

two plane circular sputter sources (targets) with a diameter of 15 cm each. Permanent
magnets are placed at the back of the sputter sources in a suitable arrangement for the
production of the required magnetic field. The sputter sources are cooled by water
circulation during the sputtering process. There is a possibility of changing the
sputter sources according to the different kind of materials to be deposited. At a
distance of about 6 cm above the sputter sources and parallel to them there is a
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substrate holder, which can be rotated with a speed controlled by the user. On the
substrate holder, plane circular sample holders with a diameter of 9 cm are fixed,
which can be easily transferred outside of the chamber for placing and exchanging the
samples, which form the substrate for the deposited material. There is room for 4
samples with dimensions of 1.5 cm x 1.5 cm to be placed on each sample holder in
each deposition run. The substrate holder is also cooled by water circulation during
the deposition, which usually occurs at room temperature.

Fig. 3.5 Schematic illustration of the dc planar reactive magnetron sputtering used

for the deposition of the InOx films in the present work
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The vacuum pumping system consists of a rotary mechanical pump, for pre-pumping,
and an oil diffusion pump, for high vacuum, suitable connected. For even higher
vacuum to be achieved, a liquid nitrogen trap is adjusted to the pumping system.
Under these conditions, the chamber can be evacuated to a base pressure of 1 × 10−7
mbar. Two different gases, i.e. the sputtering gas (Ar) and the reactive gas (O2, in the
case of InOx films), can be simultaneously introduced into the chamber for the
deposition process. The gas flow is controlled by mass flow controllers. The pressure
of the chamber can be measured by two manometers (pressure gauges) which cover
two different regions of pressure values. The Pirani type manometer is used for
measuring pressures in the region from atmospheric pressure to 1 × 10−4 mbar,
whereas for lower pressures until 1 × 10−7 mbar, the Penning type manometer is used.
The dc voltage is provided by a dc power supply unit and is applied to one of
the two targets used for deposition, which can be chosen through a selector. There is
possibility of independently controlling of the dc voltage and the dc current. Finally,
it should be mentioned that a mass spectrometer system adapted to the vacuum
chamber is included, for the composition analysis of the atmosphere inside the
chamber.
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3.2 Chemical characterization
3.2.1 Introduction
Chemical characterization is the process which allows the identification and
quantitative determination of surface and interior elements in a compound as well as
their depth spatial distributions. This is accomplished by the development of a set of
analytical techniques and the associated equipments. Among them, the most popular
methods, which are widely used in the thin film technology, are: energy dispersive xray spectroscopy (EDX), Auger electron spectroscopy (AES), x-ray photoelectron
spectroscopy (XPS), Rutherford backscattering (RBS) and secondary ion mass
spectroscopy (SIMS). In the present work, both the AES and EDX techniques have
been applied to determine the composition of the InOx films produced, with respect
to the stoichiometric In2O3.
There are some differences among the above methods, which can determine
the comparative strengths and weaknesses of each of these methods for particular
applications. The most important of these are listed in the following:
— AES, XPS and SIMS are true surface techniques, since the detected electrons and
ions are emitted from a surface layer less than 30 Å deep. However, combined with
sputtering etching of the film, they can be used as well for depth composition analysis
by continuously analyzing the newly exposed surfaces.
— EDX and RBS generally face the total thickness of the thin film (~ 1 µm) and
sometimes part of the substrate as well.
— AES, XPS and SIMS can detect, with a few exceptions (Z < 4 ), all of the elements
in the periodic table.
—EDX can usually only detect elements with Z > 11 due to the beryllium window in
front of the detector, while RBS can detect only selected combinations of elements
whose spectra are not overlap. However, in modern EDX systems without windows
or very thin polymer (mylar) windows, elements down to Z = 4 can also be detected,
but quantitative analysis is sometimes problematic at low Z values.

- 61 -

—Quantitative chemical analysis with AES and XPS can be problematic, in cases
where the composition of the film is not uniform in depth. EDX is much better in this
point.
—AES and XPS are the only chemical methods which can provide information on the
nature of the chemical bonding and valence states.
In the following the AES and EDX techniques and the associated equipments
are discussed in detail, but first the processes resulting from the interaction between a
focused electron beam and the solid are briefly presented, since they form the basis
for dealing with AES and EDX spectroscopies.

3.2.2 Electron scattering in solids
A large number of interactions occur when a focused electron beam strikes the
surface of a solid [120]. Among the signals produced are secondary electrons,
backscattered electrons, characteristic and continuum x-rays, Auger electrons and
photons of various energies. The primary effects on the electrons of an electron beam
striking the sample are elastic scattering (change of direction with negligible energy
loss) and inelastic scattering (energy loss with negligible change in direction). Elastic
scattering is mainly caused by interactions with the nuclei of the atoms and results in
significant deviations from the direction of the incident beam. Inelastic scattering is
caused by two mechanisms, inelastic interaction with the atomic nucleus and inelastic
interaction with the bound electrons.
If inelastic scattering occurs through interaction with the atomic nucleus, the
moving electron looses energy in the Coulomb field of the nucleus and emits white or
continuum x-ray radiation. If inelastic scattering occurs between a loosely bound
electron on an outer shell of the atom and an electron of the incident beam, energy is
lost from the beam electron and transferred to the loosely bound electron which is
ejected. The electrons ejected through this process are called secondary electrons. If
these secondary electrons are produced close to the surface of the sample, they have a
high probability of escaping from the surface. However, these electrons are strongly
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absorbed, and if they are produced much below of the surface of the sample the
probability of escaping is extremely small. A schematic illustration of the signals
emerging from a solid struck by an electron beam is shown in Fig. 3.6. Inelastic
scattering can result in a variety of ionization processes, such as the emission of
characteristic x-rays and the ejection of Auger electrons, which are discussed in detail
in the following sections.

Fig. 3.6 Electron and photon signals emerging from a solid struck by an electron
beam [120].

Elastic scattering can occur in two parts: (a) Rutherford scattering, which
occurs in the Coulomb field of the nucleus where a single scattering event may result
in a large change of direction of the beam electron and (b) multiple scattering, which
is composed by many small-angle scattering events when the beam electron passes
through the electron cloud of the atom, which acts as a screening field for the nucleus.
In this case, beam electrons may change directions through a series of scattering
events, with some of them to manage to travel back to the surface and escape. This is
the process of backscattering. The backscattered electrons leave with reduced energy
due to inelastic processes. Through these continuous random scattering events, the
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original direction of the electron beam is lost at some depth within the solid and the
electrons diffuse randomly through the material forming a teardrop-shaped interaction
volume, as shown in Fig. 3.6.

3.2.3. Electron spectroscopy
The basis for identification of the elements in a compound by AES and EDX
techniques is the atomic core electron spectroscopy. The electronic structure of an
unexcited atom is shown in Fig. 3.7 [121, 122], where both the K, L, M, etc., shells
and the corresponding 1s, 2s, 2p, 3s, etc., electronic states are presented. Consider the
case that a hole (or electron vacancy) is created in the K shell through excitation by
an incident electron.
In the EDX process, an electron from an outer shell fills the hole and an x-ray
is emitted in the process, as seen in Fig. 3.7(c). If the electron transition occurs
between L and K shells, Kα x-rays are produced. Different x-rays are generated for
electron transition between different shells, such as Kβ x-rays from M to K shells, Lα
from M to L shells, etc. The energy of the emitted x-ray is determined by the
difference in energy between the levels involved in the electron transition. For
example, in the above electron transition shown in Fig. 3.7(c), it is:

E Ka =

hc

λ Ka

= E K − E L1

(3.4)

where h, c and λ are the Planck constant, the speed of light and the wavelength of the
emitted x-ray, respectively. The emitted x-rays are characteristic of the particular
atom experiencing emission. Therefore, each atom in the periodic table exhibits a
unique set of K, L, M, etc., x-ray spectra lines served to unmistakably identify it.
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Fig. 3.7 Schematic illustration of electron energy transitions (a) initial state (b)

incident electron (or photon) ejects electron (c) x-ray emission (d) Auger electron
emission [121, 122]

In the AES process, a more complex transition occurs which involves three
electron levels instead of two, that is the EDX case. This process is shown in Fig.
3.6(d). Initially, an electron from an outer shell, such as L1, fills the hole in the K
shell. The energy released through this transition can be given to another electron

- 65 -

from an outer shell, such as L3, which is then ejected from the atom. The atom finally
contains two electron holes after starting with a single hole. The electron which leaves
the atom is known as an Auger electron, and its energy is determined by the
difference in energy between the three levels involved in the transition. For the case
of Fig. 3.7(d), it is:

E KLL = E K − E L1 − E L3

(3.5)

The process above described is called a KLL Auger transition or more specifically,
KL1L3. If the electron vacancy occurs in the L shell, an Auger transition in which an
electron from the M shell fills the hole in the L shell and another electron from the M
shell is ejected can take place. This transition is called LMM Auger transition.
Similarly, MNN Auger transitions are commonly observed, when one level of the M
shell and two levels of the M shell are involved in the transition. Since the K, L, and
M energy levels in a given atom are unique, the Auger spectral lines are characteristic
of the element in question. Therefore, by measuring the energy of the Auger electrons
emitted from a material, one can identify its chemical composition.
It should be emphasized that the atom in question experiences both AES and
EDX processes, simultaneously, but which of these two processes is experimentally
observed in a particular application depends on whether a x-ray or an electron
detector is used. However, in elements with low Z, the probability is greater that an
Auger transition will occur, while x-ray emission is favoured for elements with high
Z. The variation of the characteristic x-ray and Auger lines with atomic number is
shown in Figs. 3.8 and 3.9, respectively. From Fig. 3.8, it can be concluded that in
EDX, K x-ray transitions are conveniently measured in low Z materials, while L x-ray
transitions are easy observed in high Z materials. Similarly, from Fig. 3.9, it can be
seen that in AES, KLL and LMM transitions occur in low Z materials, and LMM and
MNN transitions appear in high Z materials. Finally, it should be mentioned that the
resolution of the x-ray or electron detectors is such that prominent lines of
neighbouring elements in the periodic table do not seriously overlap.
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Fig. 3.8 Characteristic x-ray emission energies of the elements [121]

Fig. 3.9 Auger electron energies of the elements [121]
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Similarly to AES and EDX processes, the basis for identification of the
elements in a compound by XPS analysis lies in the same atomic core electron
scheme. In this case, instead of incident electrons, that is the case of AES and EDX
analyses, relatively low-energy x-rays (the most commonly used x-ray sources for
XPS analysis are hν Mg = 1254 eV and hν Al = 1487 eV) strike the surface of the
material in question. The absorption of a photon results in the ejection of an electron
from an atomic shell creating an electronic vacancy in this shell. In this process, in
which only one electron level is involved, the energy of the ejected electron is the
difference between the photon energy and the binding energy of the electron:

E KE = hν − E B

(3.6)

Since values of the binding energy are characteristic of a given atom, atomic
identification can be achieved by measuring the photoelectron energies.
The high surface sensitivity of AES and XPS is a result of the short inelastic
mean free path (IMFP) of the emitted electrons. For example, the IMFP of a 50 eV
electron in a solid is about 5 Å and increases slowly with kinetic energy
approximately as

E [123]. Only those electrons which have not scattered

inelastically eject from the sample with the characteristic energy of the element that
emitted them. Since most of the elements have electrons with binding energies (and
therefore Auger electron energies) in the range 50-1500 eV, they have short IMFPs
and high surface sensitivity. In practice, it is common that AES and XPS analyses are
combined in the same experimental equipment, which then contains an electron gun
and an x-ray source together, since in both techniques the detected particles are
electrons.

3.2.4 Auger Electron Spectroscopy (AES)
Auger analysis is carried out inside an ultrahigh vacuum chamber maintained
at about 1×10-10 mbar. This level of cleanliness is required to prevent surface
coverage by contaminants (e.g. C, O) in the system. A typical Auger spectrometer is
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shown in Fig. 3.10 [124]. The cylindrical mirror analyzer (CMA) has an internal
electron gun whose beam can be focused to a point on the sample surface. Typical
primary electron beam energies are in the range 3-5 KeV. The analyzer consists of
coaxial metal cylinders raised to different potentials. Auger electrons emitted from the
sample pass through an aperture and are then directed through the exit aperture on the
CMA to the electron multiplier. The electron pass energy E is proportional to the
potential applied to the outer cylinder and the range ∆E of transmitted electrons
determines the resolution, R = ∆E E , which is typically 0.2−0.5 %.

Fig. 3.10 Schematic illustration of spectrometer combined AES and XPS capabilities

[124]

The primary electron beam penetrates deep (∼ 1 µm) below the surface of the
sample, creating a plume of backscattered electrons, as seen in Fig. 3.6. As a result,
there is a significant flux of backscattered electrons emitted from the surface in the
vicinity of the primary electron beam. Those that have lost a little energy contribute to
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the excitation of atoms near the surface. Therefore, the intensity of Auger electrons
has two contributions: electrons from atoms excited by the primary beam and those
from atoms excited by backscattered electrons.

The Auger electrons are barely

visible as small peaks above a high background of inelastically scattered electrons, as
seen in Fig. 3.11(a) [125]. Also, each peak is asymmetric due to a tail of inelastically
scattered Auger electrons on the low energy side of the peak. Because of this high
background signal and peak asymmetry, Auger spectroscopy is usually carried out in
the derivative mode.

Fig. 3.11 (a) Spectrum of a PdxB alloy showing the peaks from Auger electrons and

the elastically scattered primary electron beam [125]

(b) Hypothetical spectrum

N(E) containing a continuous background AE − m , a Gaussian peak and a low energy

step A′ E − m′ . The lower spectrum is the derivative spectrum. The energy EA of the
most negative excursion of the derivative spectrum corresponds to the steepest slope
of N(E) [122].

The “differentiation” is conveniently done electronically by superimposing a small ac
potential on the outer cylinder potential and synchronously detecting the inphase
signal from the electron multiplier with a lock-in amplifier. The result of
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“differentiation” is a curve with strong negative excursions corresponding to the high
energy side of each Auger peak in the direct spectrum. For practical reason, the Auger
energies are defined to be the positions of these negative excursions. In the derivative
spectrum, the y axis of the recorder is proportional to dN ( E ) dE and the x axis to the
kinetic energy E of the electrons. The intensity of an Auger signal is taken to be the
peak-to-peak amplitude of the derivative Auger peak. Figure 3.11(b) shows the
differential analysis of a hypothetical spectrum N(E).

3.2.5 Quantitative AES analysis
The determination of the absolute concentration of an element X in a
compound can be extracted from the Auger electron yield, YA [122]. Considering that
the Auger electrons are emitted from a thin layer of thickness ∆d at a depth d below
the surface of the sample, the Auger electron yield can be expressed by the formula:

YA (d ) = N X ∆d ⋅ σ e ( d )[1 − ω x ]e − d cosθ λ ⋅ I (d ) ⋅ T ⋅

dΩ
4π

(3.7)

where:
N X = the number of X atoms / unit volume

σ e (d ) = the electron impact ionization cross section at depth d
ωx = the probability for x-ray emission which is commonly called the fluorescence
yield, thus, in turn, 1 − ω x is the probability for Auger electron emission

λ = the electron escape depth
θ = the angle of the analyzer
T = the transmission of the analyzer, which is proportional to the electron pass energy
dΩ = the solid angle of the analyzer
I(d) = the electron excitation flux at depth d, which can be separated into two

components:
I (d ) = I P + I B ( d ) = I P (d )[1 + R B (d )]
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where I P is the flux of primary electrons at depth d and I B is the flux due to
backscattered primary electrons and RB is the backscattering factor.
The quantitative analysis is carried out by the use of external standards with a
known concentration composed of the element in question, X. Then, the concentration
of the element X in the sample examined can be calculated from the ratio of the Auger
electron yields, as follows:
C XS
YXS  λ   1 + R B 
=
 

CX
YX  λ S  1 + R BS 

(3.8)

where “ S ” is referring to the standard. The determination of the concentration of the
element X using the equation (3.8) is a complicated matter due to the influence of
backscattered electrons and electron escape depth. In practice, a more convenient
method [126] has been widely used to determine the atomic concentration of any
element, X, by using the standard Auger spectra in the Handbook of Auger Electron
Spectroscopy [127]. This method is based on the simple calculation of the relative
sensitivity factor between the element of interest and silver, from the handbook of
standard Auger spectra. The sensitivity factors represent the relative Auger intensities
of pure elements. According to this method, the relative sensitivity factor, S X , Ag ,
between any element, X, and silver is given by:

S X , Ag =

I XH
H
K X I Ag

(3.9)

H
where I XH and I Ag
can be obtained from the peak-to-peak heights in the handbook

spectra of element X and silver, respectively, and K X is the scale factor given on the
spectrum in the handbook for element X. The atomic concentration of element X is
then:
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CX =

IX
S X , Ag

∑S
a

Ia

(3.10)

a , Ag

where I X is the peak-to-peak height of element X on the sample. The sum in equation
(3.10) is over one peak from each element present on the surface of the sample.

3.2.6 Auger Depth profiling analysis

The process of sputtering is not only applied for the deposition of thin
semiconducting films, by sputtering a target of the same material, but also for sputter
etching of the surface of a thin film, where surface atoms are removed by collisions
between the incoming particles and the atoms in the near surface layer. Sputtering
provides the basis for composition depth profiling with surface analysis techniques
either by analyzing the remaining surface with electron spectroscopy techniques, or
by analyzing the sputtered material. The former method is the case of AES and XPS
depth profiling analysis, while the latter, is the case of secondary ion mass
spectroscopy (SIMS).
In order to use AES to determine depth profiles, it is necessary to remove a
controlled thickness of the surface layer. This is accomplished by bombarding the
surface with low energy (typically in the range 0.5-10 KeV) heavy ions, usually Ar+,
which sputter atoms from the surface of the sample. An experimental arrangement for
depth profiling analysis is shown in Fig. 3.12.
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Fig. 3.12 Experimental arrangement for depth profiles in thin films [128]

An important quantity for a depth profile experiment is the sputtering yield,
which is defined as the number of atoms of a material removed (sputtered atoms) per
incident ion:
Sputtering yield = Number of atoms removed / incident ion

The sputtering yield depends on the chemical nature of the sample, not only the
elements present but also their chemical state, as well as the parameters of the
incident ion beam (ion energy, angle of incidence, etc.). Therefore, to predict the
sputtering yield is not an easy matter. A number of computer simulations are available
for this purpose. These simulations can predict the sputtering yield of elements
reasonably well but the values they provide for compounds are less reliable. Knowing
the sputtering yield, one can calculate the sputtering rate. An easy method for
calculating sputter rates from experimental parameters for elemental targets [128] is
the following:
The number of atoms removed per second = the number of ions striking the surface
per second multiplied by the sputtering yield =
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I
⋅Y
e

where I is the current of the ion beam, e is the charge on the ion and Y is the
sputtering yield. If the ion beam is rastered over an area of A cm2, the number of
atoms removed
I 
per second is  ⋅ Y  A . This needs to be converted into a depth scale, i.e. to know
e 

the thickness of the material removed per second, which is equivalent to the material
volume removed per second:
Material volume removed per second = Material mass removed per second / Material
density = (Number of atoms removed per second ⋅ Atomic weight / Avogadro’s
I
 w 
number) / Material density =  ⋅ Y A 
 d
e
 N A 

Therefore, the sputtering rate is given by:

SR =

I ⋅Y ⋅ w
A⋅e⋅d ⋅ N A

(nm/s)

(3.11)

where I is the ion beam current in µA, Y the sputtering yield, w the atomic weight, A
the surface area rastered by the ion beam in mm2, d the material density in gr/cm3 , e
the charge on the ion in Cb and N A is the Avogadro’s number.
If the sputtering yield and the density for a compound are known then it is a
simple matter to use this method for the calculation of its sputtering rate. In this case,
instead of the atomic weight, the formula weight divided by the number of atoms in
the formula should be used.

3.2.7 AES equipment

Surface and depth composition analyses of the InOx films were carried out in
an ion- and turbo- pumped stainless steel UHV chamber with facilities for Auger
analysis. During the analysis the chamber contained two electron gun sources, a
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differentially pumped argon ion source, a quadrupole mass spectrometer, and a
cylindrical mirror analyzer for Auger data recording. A schematic illustration of this
system is shown in Fig. 3.13. The chamber was pumped to a base pressure of 1x10-10
mbar after mild baking and samples were exchanged via a load lock chamber. A
primary electron beam with energy of 2.5 keV and a current of 5 µA was focused on
the film surface in a spot area of 1 mm. The Auger signal, dN(E)/dE, was measured
with a lock-in amplifier using a time constant of 750 ms and a modulation voltage of
5 V peak-to-peak. The calibration of the system was obtained with respect to the
Auger signal of a pure silver target. All spectra were taken with the same
experimental conditions. A computer interface and appropriate software allowed for
automatic recording.

Fig. 3.13 Schematic illustration of the Auger system used for the surface and depth

composition analysis of InOx films in the present work
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An argon ion beam with energy of 1 keV and a target current of 30 nA in a
spot of 1 mm diameter at 5×10-7 mbar pressure in the chamber was employed for
depth profiling analysis. This beam spot was rastered over an area of 4×4 mm2. To be
sure that the analysed area was in the centre of the area rastered by the ion beam, two
crossed electron beams were used to determine the optimum position of the film for
Auger analysis. A Faraday cup was then moved into the same position, intersecting
both electron beams, and the ion beam was focused into the cup. The actual recording
of Auger spectra took place with the gun on the axis of the analysis, at an incidence
angle of 30 degrees with respect to the sample normal.
Data acquisition, storage and processing were accomplished using a computer
program for sputter profiling analysis written in LABVIEWTM. Through this program,
the reflected electron current values could be monitored and stored during data
acquisition to enable the calibration of the Auger peak-to-peak signal to the current.

3.2.8 Energy x-ray dispersive analysis (EDX)

The energy dispersive x-ray analysis system is usually attached to a scanning
electron microscope system (SEM), where the sample is bombarded by the electron
beam causing the emission of characteristic x-rays. A typical SEM system included an
x-ray detector for EDX analysis is shown in Fig. 3.14(a) [121]. Electrons
thermionically emitted from a tungsten or LaB6 cathode (filament) are pulled to an
anode through a grid cap or Wehnelt cylinder which is biased negatively with respect
to the cathode. The anode is biased positively to a large potential. In a such
configuration, the emitted electrons are accelerated to high energies (typical values
25-30 KeV) through the electric field between the cathode and the anode. Two
successive condenser lenses serve to focus the electrons into a beam with a very fine
spot size (∼ 50 Å). The final lens, called the objective lens, determines the final spot
size of the electron beam. Pairs of scanning coils located at the objective lens deflect
the beam in a raster mode over a rectangular area of the sample surface. The high
energy electron beam striking the surface exhibits a very complex behaviour (as has
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a)

b)

Fig. 3.14 (a) Schematic illustration of a typical SEM system included an x-ray

detector for EDX analysis [121] (b) Schematic illustration of a Si(Li) detector system
[129]
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been discussed in the section 3.2.2) and in this process, x-rays characteristic of atoms
are emitted. Attached to the SEM column is the liquid-nitrogen Dewar with its cooled
Si(Li) detector served to capture the emitted x-rays. A schematic illustration of a
Si(Li) detector system is shown in Fig. 3.14(b) [129]. The Si(Li) detector is a reversebiased p-i-n (p-type, intrinsic, n-type) Si diode doped with Li to create a wide
depletion region. The x-ray signal from the sample passes through a thin beryllium
window (or a very thin polymer window in modern EDX systems) into the evacuated
chamber containing the Si(Li) detector.

The incoming x-ray generates a

photoelectron in the intrinsic region that eventually looses its energy by creating
electron-hole pairs, which are collected by the applied bias to form a charge pulse,
which finally is converted to a voltage pulse through a charge sensitive preamplifier.
The voltage pulses are amplified by a main amplifier and sorted according to voltage
amplitude (which is proportional to the energy of the incident x-ray) by a
multichannel analyzer (MCA).
In measurements of the emitted characteristic x-rays, it is important to
determine the depth of x-ray production (range), which is related with the amount of
electron penetration in the sample. The electron range is inversely proportional to the
density of the sample and it is convenient to use the “mass range” Rρ, since it has
been found that Rρ is approximately the same for all elements at a given incident
energy [130]. From experimental results the mass electron range Rρ was shown to be
given by an equation of the form:

ρR = KE on

(3.12)

where Eo is the incident electron energy (acceleration voltage), K is a constant and n
varies from 1.2 to 1.7. The mass range for characteristic x-ray production is smaller
than that of electrons since characteristic x-rays can only be produced at energies
above the critical excitation energy (binding energy) Ec, for a given element.
Therefore the mass range for characteristic x-ray production is given by an equation
of the form:

- 79 -

ρR = K ( E on − E cn )

(3.13)

Anderson and Hasler [131] developed a mass range equation for x-ray production,
based on experimental measurements of x-ray production and electron range, as:

ρR = 0.064( E o1.68 − E c1.68 )

(3.14)

The characteristic x-rays which are produced at various depths in the sample
are partially absorbed as they travel from the point of emission to the surface of the
sample, due to interactions with the atoms in the sample − both with atoms of the
element emitting the radiation of interest as well as with atoms of other elements
present. The absorption of x-rays within the sample decreases the intensity that is
actually measured with respect to the intensity produced within the sample. Several
mechanisms operate in the absorption process, with the most important to be caused
by electronic transitions within an atom. The characteristic x-rays produced from an
element of the compound can excite atoms of another element of the compound
resulting in the ejection of photoelectrons. This process can occur just as long as the
characteristic x-rays emitted from an element have an energy greater than the
excitation voltage Ec of another element in the sample. In this process, the
characteristic x-ray radiation emitted from the element which is excited by the
incident characteristic x-rays is called secondary or fluorescent radiation. The
intensity of the absorbed characteristic x-ray radiation decreases while the intensity of
the characteristic x-ray radiation of the element which absorbs the x-rays increases.

3.2.9 Quantitative EDX analysis

Similar to the Auger quantitative analysis, in the case of EDX analysis the
determination of the absolute concentration of an element X in a compound can be
extracted from the characteristic x-ray yield, Yx [132]. Considering that the
characteristic x-rays of an element X are produced from a thin layer of thickness ∆d at
a depth d inside the sample, the x-ray yield can be expressed by the formula:
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Yx (d ) = N X ∆d ⋅ σ e (d )ω x e − µd

cos θ

⋅ I (d ) ⋅ ε ⋅

dΩ
4π

(3.15)

where:
N X = the number of X atoms / unit volume

σ e (d ) = the electron impact ionization cross section at depth d
ωx = the fluorescence yield
µ = the x-ray absorption coefficient
θ = the angle of the detector
ε = the efficiency of the detector
dΩ = the solid angle of the detector
I (d ) = the electron excitation flux at depth d.

In practice, the equation (3.15) is not used straightfully in the evaluation of
composition. The quantitative analysis is usually carried out by the use of external
standards with known concentration through comparison of the characteristic x-ray
yields from the elements of interest in the sample with those in the standard. Under
these conditions, however, some corrections must be made since many of the factors
in the equation (3.15) are different in the sample and the standard. In this base,
empirical correction factors [133, 134] have been developed by measuring the relative
x-ray intensity ratio between the elements of interest in the sample and the same
elements in the standard. Thus, the atomic concentration of an element X in a
compound is given by the expression:
C X = KZAF

(3.16)

where K is the relative x-ray intensity ratio between the element X in the sample and a
standard composed of element X, i.e. K = I X ,SPL I X ,STD , Z is the atomic number
correction factor, A is the absorption correction factor and F is the fluorescence
correction factor. This method is often called the ZAF method. The atomic number
correction is determined by the electron backscattering effect. The proportion of
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incident electrons that are backscattered and the volume of the sample in which
characteristic x-rays are generated depend on sample composition. Therefore, if there
is a difference between the average atomic number of the sample, given by
Z = ∑ Ci Zi , and that of the standard, an atomic number correction is required. The
i

absorption correction is required since the absorption of the emitted x-rays will be
different in the sample and in the standard. The fluorescence correction accounts for
the generation of secondary x-rays from an element X due to fluorescence excitation
by x-rays emitted by another element. This effect becomes stronger when the energy
of a characteristic x-ray peak of an element X in the EDX spectrum is slightly greater
than the critical excitation potential for electron ejection from another element. Then
the energy of the x-ray peak from the element X is sufficient to excite secondary xrays from the other element. Thus, more x-rays are present from the latter element
than would have been produced by electron excitation alone, and a correction for this
parasitic fluorescence is required for this element. From experimental results, it has
been shown that the magnitude of each of the correction factors in the equation (3.16)
is between 2 and 10% in most cases.
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3.3 Structural characterization
3.3.1 Introduction
Structural characterization is the process which allows the investigation of the
surface topography and morphology as well as the structure (amorphous,
polycrystalline etc.) and the microstructure of the films, i.e. grain size and shape,
structure of grain boundaries, existence of defects and voids, etc. The most common
experimental techniques which deal with these studies are the Scanning electron
microscopy (SEM), the Transmission electron microscopy (TEM) and the X-ray
diffraction analysis. In the present work, the technique of x-ray diffraction has been
used to discover the structure of the as-deposited InOx films as well as to determine
the crystallite size (grain size) of the films while transmission electron microscopy
and electron diffraction have been applied to investigate the microstructure and
morphology of the films.

3.3.2 Transmission electron microscopy (TEM)
The transmission electron microscope is used to obtain structural information
from samples which are thin enough to transmit the electrons. Therefore, the thin
samples must be removed from the substrates before they are inserted in the TEM.
However, the sample removal from the substrate is proved sometimes to be a difficult
process, and this is actually a disadvantage of this method.
The two basic modes of a TEM equipment are shown in Fig. 3.15 [135].
Similar to the SEM system, electrons thermionically emitted from a metal cathode
(filament) are pulled to an anode through the Wehnelt cylinder. In a such
configuration, the emitted electrons are accelerated to very high energies (typical
values 100-500 keV) through the electric field between the cathode and the anode.
The condenser lens serves to focus the electrons into a beam which first strikes the
sample. The scattering processes that the electrons experience passing through the
sample determine the kind of information observed. Elastic scattering, in which the
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electrons interact with the nuclei of the atoms involving no energy loss, gives rise to
diffraction patterns. The primary and diffracted electron beams emerging from the
bottom surface of the sample pass through a series of post-sample lenses. The
objective lens produces the first image of the object and, therefore, is required to be
the most perfect of the lenses.

Fig. 3.15 The two basic modes of TEM [135]

A simple way of understanding how such diffracted electron beams arise is to
consider Bragg reflection of electrons from crystal planes [136]. The planes of atoms
in crystal lattices can reflect electrons as a mirror reflects light. If reflected electrons
from successive planes are subsequently brought together to interfere they will only
add constructively and give rise to a strong beam if they follow the Bragg law:
2d sin θ = nλ

(3.17)
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where λ is the wavelength of the electrons, d the distance between the planes and n is
an integer which is called the order of reflection and it is equal to the number of
wavelengths included in the path difference between electrons scattered by adjacent
planes. There may be several sets of lattice planes suitably orientated to satisfy the
equation (3.17). The diffraction patterns are formed at the back focal plane of the
objective lens. If the sample is homogeneous, i.e. uniform density, thickness and
scattering power, the same number and angular distribution of electrons is obtained
from each point on the bottom surface of the sample. However, samples usually
contain regions of high scattering power, such as grain boundaries, defects, density
variation, etc., from which the electrons are scattered through large angles. Since the
objective aperture only allows those electrons scattered through less than a certain
angle to reach the image, the highly scattering regions contribute less electrons to the
image and so look dark.
The objective aperture can be moved to exclude either the central beam or the
diffracted beams, resulting in formation of images in a number of ways. The brightfield image is obtained by excluding all diffracted beams and only allowing the
central beam through. The intermediate and projector lenses then magnify this central
beam. Dark-field images are also formed by magnifying a single beam, but this time
one of the diffracted beams is chosen by means of the objective aperture which blocks
the central beam and the other diffracted beams. This mechanism of image formation
is the basis of diffraction contrast, since the amplitude of diffracted beams (or the
central beam) and their phases are excluded from the image. There is also a third way
of producing the image, in which the primary transmitted and one or more of the
diffracted beams contribute to the image formation, with both their amplitudes and
phases to participate. This is the technique employed in high resolution lattice
imaging, allowing diffracting planes and arrays of individual atoms to be
distinguished.
The high magnification of all TEM methods is a result of the small effective
wavelength employed using very high accelerating voltages for the electrons.
According to the de Broglie relationship [136]:
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λ=

h

(3.18)

2mqV

where m and q are the electron mass and charge, respectively, h is the Planck’s
constant and V is the accelerating voltage. For instance, electrons with energy of 100
keV have wavelengths of 0.037 Å.

3.3.3 X-ray diffraction (XRD)
X-ray diffraction is a very important experimental technique to investigate the
crystal structure of bulk solids, including the determination of lattice constants,
identification of unknown materials, orientation of single crystals and preferred
orientation of polycrystals. However, extending the application of this method to thin
films has been avoided for the reason that the penetration depth of x-rays with typical
incident angles is large, so that the substrate, rather than the film, dominates the
scattered x-rays signal. Nevertheless, the x-ray diffraction has the advantage over the
TEM method that it doesn’t require film removal from the substrate.
A schematic illustration of the x-ray diffractometer is shown in Fig. 3.16
[137]. The x-ray source and detector are placed on the circumference of one great
circle centred on the sample. The sample C is supported on a table H, which can be
rotated about an axis O perpendicular to the plane of the Fig. 3.16. The x-ray source S
is also normal to the plane of the figure and therefore parallel to the diffractometer
axis O.
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Fig. 3.16 Schematic illustration of a typical x-ray diffractometer [137]

The detector D is supported on a carriage E which can also be rotated about the axis
O. This detector is an electronic counter, which converts the incoming diffracted xrays into pulses of electric current in the circuit connected with the counter. This
circuit counts the number of current pulses per unit of time, and this number is
directly proportional to the intensity of the x-ray beam entering the counter. F is a slit
which focuses the x-ray beam diffracted by the sample before it enters the counter. A
and B are special slits which align the incident and diffracted x-ray beams,
respectively. The supports E and H are coupled so that a rotation of the counter
through an angle of 2θ degrees is automatically accompanied by a rotation of the
sample through an angle of θ degrees. This ensures that the angle of incidence of the
x-ray beam upon the sample is always equal to the angle of reflection by the lattice
planes and equal to half of the total angle of diffraction. This arrangement is
necessary to preserve focusing conditions.
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The basis for the operation of an x-ray diffraction system is the reflection of
an incident x-ray beam by the various lattice planes (hkl) at various angles θ which
satisfy the Bragg law in the equation (3.17). This process is illustrated in the Fig.
3.17. The angle between the reflected beam and the transmitted beam is always 2θ.
This is known as the diffraction angle, and it is this angle, rather than θ, which is
measured experimentally.

Fig. 3.17 Diffraction of x-rays by a crystal

In a modern x-ray diffractometer, the sample and the counter movements are
controlled by a computer. In a such way, the whole range of 2θ of interest is covered
and the diffracted x-ray intensity vs. 2θ is finally recorded. By using x-rays of known
wavelength λ (typically λ Cu Kα = 0.154 nm) and measuring 2θ, the distance d between
various planes in a crystal lattice can be determined, and identification of the material
can be obtained by comparison to the standard spectra in JCPDS data base [138].

3.3.4 Grain size determination using x-ray diffraction
The condition for constructive interference described by the equation (3.17) is
that the x-rays involved must be in phase, which means that the path difference for the
x-rays scattered by a set of planes must be exactly a whole number n of wavelengths.
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However, the x-rays can be scattered by a set of planes at angles θ such that the path
difference is only a quarter of wavelength. These x-rays do not cancel each other but
simply form a beam of smaller amplitude than that formed by x-rays which are
completely in phase. There are other sets of planes which can scatter the x-rays at
angles θ such that the path difference is exactly half a wavelength. These x-rays
would cancel each other. The result is destructive interference and no diffracted beam.
Therefore, destructive interference is just as much a consequence of the periodicity of
atom arrangement as is constructive interference. The way in which destructive
interference is produced in all directions except those of the diffracted beams is very
important because it leads to a method for estimating the size of very small crystals.
Suppose that the crystal has a thickness D measured in the direction
perpendicular to a particular set of reflecting planes and consider (m + 1) planes in
this set, as seen in the Fig. 3.18 [137]. The Bragg angle θ is considered as a variable
in this figure, and θB is the angle which exactly satisfies the Bragg law for the
particular values of λ and d involved.

Fig. 3.18 Effect of crystal size on x-ray diffraction [137].
There are two limiting angles, 2θ 1 and 2θ 2 , only slightly larger and smaller,

respectively, than the angle 2θ B , at which the intensity of the diffracted beam is equal
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to zero due to destructive interference. This can be seen in the Fig. 3.18, where the ray
B makes a slightly larger angle, θ1, such that the ray L ′ from the mth plane below the

surface is (m + 1) wavelengths out of phase with the ray B ′ from the surface plane.
Similar, the ray C makes a slightly smaller angle, θ2, such that the ray N ′ from the
mth plane below the surface is (m − 1) wavelengths out of phase with the ray C′ from

the surface plane. The diffracted intensity at angles near 2θ B , but not greater than
2θ 1 or less than 2θ 2 , is not zero but has a value intermediate between zero and the
maximum intensity of the beam diffracted at an angle 2θ B . Thus, the curve of
diffracted intensity vs. 2θ will have the form of Fig. 3.19(a), instead of that of Fig.
3.19(b) which illustrates the hypothetical case of diffraction occurring only at the
exact Bragg angle [137].

Fig. 3.19 Schematic illustration of (a) the curve of diffracted intensity and (b) the
hypothetical case of diffraction occurring only at the exact Bragg angle [137]

The width of the diffraction curve increases as the thickness of the crystal decreases,
because the angular range (2θ 1 − 2θ 2 ) increases as m decreases. The width B is
usually measured, in radians, at an intensity equal to half the maximum intensity. The
path-difference equations for these two angles can be written similar to the equation
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(3.17) but for the whole thickness of the crystal rather than for the distance between
adjacent planes:
2 D sin θ 1 = (m + 1)λ

(3.18)

2 D sin θ 2 = (m − 1)λ

(3.19)

By subtracting the equations (3.18) and (3.19), the following expression arises:
D( sin θ 1 − sin θ 2 ) = λ

(3.20)

which can take the form:
θ + θ 2  θ 1 − θ 2 
2 D cos 1
 sin
 =λ

2  
2 

[Eq.

(2.21)

is

derived

from

eq.

(3.21)

(2.20)

by

inserting

the

mathematical

expression

α + β α − β
 sin
 for ( sin θ 1 − sin θ 2 )].
 2   2 

sin α − sin β = 2 cos

But θ 1 and θ 2 are both very nearly equal to θ B , so that:

θ 1 + θ 2 = 2θ B

(3.22)

and:

θ − θ 2  θ 1 − θ 2
sin 1
 =

2 
2

(3.23)

By substituting the equations (3.22) and (3.23) into the equation (3.21) the latter one
becomes:
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θ − θ 2 
2 D 1
 cos θ B = λ

2 

(3.24)

Assuming that the diffraction curve is triangular in shape, with the base equal to the
difference between the two extreme angles, (2θ 1 − 2θ 2 ) , it is easy to show that:

B = θ1 − θ 2

(3.25)

Therefore, from the equations (3.24) and (3.25) it can be written:

D=

λ

(3.26)

B cos θ B

A more exact treatment of the problem gives:

D=

0.9λ
B cos θ B

(3.27)

which is known as the Scherrer’s formula and it is used to estimate the crystallite size
of very small crystals from the measured width of their diffraction curves.

3.4 UV-Photoreduction and oxidation

The apparatus used for the photoreduction and oxidation of the
microcrystalline InOx films in the present work was a glass chamber pumped down by
a rotary pump. This system was constructed at the Materials Group of the University
of Crete/IESL/FORTH especially for the need of the photoreduction and oxidation
experiments. A schematic illustration of the system is shown in Fig. 3.20.
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Fig. 3.20 Schematic illustration of the apparatus used for the photoreduction and

oxidation procedures of InOx films

Fig. 3.21 Schematic drawing of a typical sample used for the photoreduction and

oxidation experiments
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A miniature short-wave pencil mercury lamp from Edmund Scientific Co. with an
average intensity of 4 mW / cm2 at λ = 254 nm, which is normally used for

wavelength calibration of spectrometers, served as an ultraviolet (UV) light source at
a distance of 3 cm from the samples. For photoreduction the samples were exposed
directly to the UV light in vacuum. Oxidation was carried out in the same chamber
with the samples exposed to ozone produced by the UV light source in 600 Torr of O2
while the samples were shielded from direct exposure to UV light. A field of about 1
V/cm was applied to the samples and the current through the samples was measured
with a Keithley 480 picoameter. InOx films deposited onto Corning 7059 glass
substrates which had thermally evaporated NiCr electrodes for conductivity
measurements were used. The conductivity values through alternative photoreduction
and oxidation cycles were calculated from the measured current values and the
dimensions and thickness of the samples, using the equation:

σ =

I ⋅s
V ⋅a⋅d

(3.28)

where d is the measured thickness of the sample in Å, s and a are the dimensions of
the sample in mm as shown in Fig. 3.21, V is the applied voltage and I the measured
current. A thermocouple type K (Nickel-Chromium, Nickel-Aluminium) was
mounted in the stainless steel insert in connection with the sample holder allowing for
conductivity measurements at elevated temperatures.

3.5 Holographic recording
3.5.1 Principles of holography

In order to characterize a light wave completely it is necessary to know both
its amplitude and phase. The use of a lens to form an image of an object beam onto a
light sensitive material is a well known technique. In such a way, it is easy to record
variations in amplitude which are converted into variations of opacity. However, the
phase of the impinging wave, i.e. the information concerning the relative lengths of
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the optical path to the different parts of the object beam cannot be recorded. In 1948
Denis Gabor [139] gave the solution to that problem by introducing a two step
lensless imaging process known as wavefront reconstruction technique or holography
(Greek word holos means whole, complete). In holography, the aim is to record the
complete wave field (both amplitude and phase) as it is intercepted by a recording
medium. Although the early work in holography was done with ordinary sources of
light, nowadays, the heart of any holographic system is the laser.
Consider two waves of frequencies ω1 and ω2 interfering in a material. If the
material has a non-linear response, then the interference pattern of these two “writing
waves” will cause a spatially varying change in the real part of the dielectric constant
of the material, i.e. a change in the refractive index, and in the imaginary part of the
dielectric constant, i.e. a change in the absorption. These spatially varying changes
are the hologram. A third wave, the “reading” wave, can be scattered by the hologram
to produce a fourth “output” wave. If the writing waves are both plane waves, then
the hologram will be a sinusoidal pattern of parallel stripes, and will resemble a
diffraction grating. The reading wave will be diffracted by the various gratings in the
hologram and, under some circumstances, will reconstruct one of the original writing
waves. If the two writing beams are identical, then their intensity interference pattern
will be stationary in time. The change of the holographic medium will then build up
with a rate determined by the response time T of the medium. However, if the writing
beams are separated in frequency by an amount ∆ω = ω 1 − ω 2 , then the interference
pattern will transform with time, and no hologram will form at all unless ∆ω < 1 T .
Therefore, holography is a way of recording and reconstructing waves that is based on
recording the distribution of the intensity in an interference pattern formed by an
object wave and a reference wave (the writing beams) coherent with it. If the
amplitude of the object beam remains constant and the angle between the two
interfering beams increases, the gratings will become finer. On the other hand, if the
phase relation between the two interfering beams remain constant but the amplitude
of the object beam changes, the contrast of the gratings will change.
“Real-time” holography requires that there is no delay between the time the
hologram is exposed and the time when it is viewed. However, in practise, there is no
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truly real-time holography, but, “almost-real-time” holography, in which the delay
between exposure and development ranges from a few picoseconds to half a minute.
This definition of “almost-real-time” holography eliminates photographic film as a
practical holographic medium. However, photographic film is used in Fig. 3.22 to
describe in a simple way the recording and reconstruction of a hologram of a plane
wave [140]. When two plane waves fall on a photographic film at a certain angle
produce straight fringes. In the reconstruction process, when the developed film
(hologram) is illuminated by coherent light, cylindrical waves propagate from the
transparent areas of the hologram. The constructive interference of these waves
produces plane waves, called the diffraction orders. In Fig. 3.22, only the zero and the
first order waves are shown.

Fig. 3.22 Recording and reconstruction of a hologram from a plane wave [140]

The zero order wave is the directly transmitted reference beam. The first order wave
is the diffracted beam with the higher intensity which produces a virtual image of the
original object beam. The minus first order wave is a diffracted beam equal in
intensity to the first order wave which produces the conjugate image. Higher orders
waves of decreasing intensity can also be present. The hologram is therefore able to
duplicate the original wavefront, both its amplitude and phase. Consequently, a
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hologram transforms a reference wave (the reconstruction wave) into a copy of the
object wave.

3.5.2 Diffraction efficiency of a hologram

A very important characteristic of holograms is the diffraction efficiency
which is defined as the ratio of the light flux in the diffracted beam to the light flux in
the incident beam (reading wave) that strikes the hologram [140, 141]:

η=

I1
I

(3.29)

where I is the light flux in the reading wave and I1 is the light flux in the diffracted
beam. The diffraction efficiency can also be defined as:

η=

I1
(I1 + I 0 )

(3.30)

where I 0 is the light flux in the zero order beam. This definition neglects the light loss
due to reflection at the front surface of the medium, diffraction into other orders and
scattering and absorption by the medium. The diffraction efficiency is determined by
the properties of the recording medium and the conditions of recording and
reconstructing the hologram.

3.5.3 Classification of holograms

A hologram may be recorded in a medium as a variation of absorption or
phase or both. The absorption type hologram produces a change in the amplitude of
the reconstructed beam. The phase type hologram produces phase changes in the
reconstructed beam due to a variation in the refractive index of the medium. The
absorption and phase type holograms correspond to the amplitude modulation and
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phase modulation of a temporal signal, respectively. In the phase modulating
materials there is no absorption of light and all the incident light is available for
image formation, whereas the incident light is significantly absorbed in the amplitude
modulating materials. Therefore,

phase holograms have the advantage over

amplitude holograms of higher diffraction efficiency.
If the hologram thickness is comparable to the fringe spacing, then the
hologram is considered “thin” and it will diffract the reading beam into many orders.
If the hologram is “thick” compared to the fringe spacing, only one order will be
diffracted but the reading beam must then be incident on the hologram at the Bragg
angle [140]:
2 Λ sin θ = pλ

(3.31)

where θ is the angle of the reading beam with the grating planes (fringes), p is the
order of diffraction, Λ is the spacing between grating planes (fringe spacing) and λ is
the wavelength of the diffracted light. The fringes in a thick (volume) hologram
produce maximum change in the refractive index and /or absorption coefficient.
In a volume phase hologram the diffraction efficiency as given by Kogelnik
[142], is:

η = sin 2 ξ

where ξ =

(3.32)

π ( ∆n)d
,
λ cos θ

where ∆n is the variation of the refractive index of the medium, d is the thickness of
the medium and θ is the Bragg angle. The diffraction efficiency increases as the
modulation, ξ, increases and becomes maximum at ξ = π 2 . At this point, η = 100
. ,
i.e. all the incident energy is coupled to the diffraction beam.
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3.5.4 Mechanism of holographic recording in photorefractive materials

Photorefractive materials are excellent for recording volume phase holograms
in real-time (i.e. almost-real-time). They exhibit excellent resolution, efficiency,
storage capacity, sensitivity and reversibility. The application of these materials for
holographic recording was first considered by Chen et al. [143]. The process of
holographic storage in these materials can be described as follows [144, 145]: The
photorefractive materials contain localized centres with trapped electrons which can
be excited by light of the appropriate wavelength. In the dark, electrons are frozen in
place by the small dark conductivity of the material. To allow for redistribution of
charge, it is assumed that a certain percentage of the traps are empty, as shown in Fig.
3.23(a), or that a given trap containing an electron can also trap an additional electron.
If two coherent beams of light (the writing beams) interfere in a photorefractive
material, the electrons from the traps are excited to the conduction band at rates that
are proportional to the light intensity at any given point (Fig. 3.24(a)). This gives rise
to an inhomogeneous concentration of free electrons that drift and diffuse away from
the regions of high-intensity light (interference maxima) and are collected (trapped) in
regions of low-intensity light (interference minima). The result is a net accumulation
of negative space charge trapped in regions of low intensity, which is balanced by
positive charge in regions of high intensity, as seen in Fig. 3.24(b) for a sinusoidal
interference pattern. The space charge generates a strong, spatially periodic
electrostatic field (of the order of 103 V/cm), as seen in Fig. 3.24(c). This dc field
deforms the crystal lattice and causes a refractive index modulation, seen in Figs.
3.23(b) and 3.24(d), producing a phase hologram. Upon exposure to uniform light
during readout, the trapped electrons are released and distributed uniformly
throughout the volume. This eventually removes the field and erases the hologram as
the crystal returns back to its original condition having a uniform distribution of
trapped electrons.
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Fig. 3.23 Charge distribution in a photorefractive material (a) before exposure to

light (b) after exposure to light [145]

Fig. 3.24 Mechanism of the photorefractive effect [144]

- 100 -

For a given light-induced electrostatic field Ecos(k⋅x), the magnitude of the
refractive index change ∆n is determined by the material’s effective Pockels
coefficient reff :

∆n = −

1 3
n reff E
2

(

)

(3.33)

Because the writing beams themselves are automatically incident at the Bragg
angle, they can be diffracted by the hologram that they write [146]. This is caused by
the inherent 90° phase shift between the incident interference pattern and the resultant
phase hologram, as seen in Fig. 3.23, and leads to “energy coupling” between the
writing beams, i.e. one beam experiences gain and the other loss as they travel
through the material. This results in a dynamic redistribution (i.e. both changes in
amplitude and phase of the writing beams) of the interference pattern in
photorefractive materials. Coupled-wave phenomena are well known in waveguide
technology. Materials characterized by large Pockels coefficient (such as BaTiO3)
exhibit a quite strong energy coupling effect. However, in materials that have a
relatively small Pockels coefficient (such as Bi12SiO20 or GaAs), the amount of energy
coupled between the writing beams is only a few percent. It should also be noted that,
in contrast to most non-linear optical processes, the steady-state value of the
refractive index change is independent of the total light intensity. This allows even
weak beams (such as from a HeNe laser) to induce strong optical non-linearities in
photorefractive materials.
Holographic recording in photorefractive materials has opened up a new
branch in modern optics, known as dynamic holography or real-time holography in
which the read-write processes are performed simultaneously. The real-time writeerase capability of these materials allow the interference of incident light beam with
its own diffracted beam within the material.
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3.5.5 Experimental set-up for holographic recording

Holographic recording in InOx films prepared by reactive dc magnetron
sputtering was demonstrated for the first time in a collaboration work between the
Materials Group and the Lasers Group of the University of Crete/IESL/FORTH. A
schematic illustration of the holographic set-up used is shown in Fig. 3.25.

Fig. 3.25 Schematic illustration of the experimental set-up used for the holographic

recording in InOx films. R1 , R2 : HeCd recording beams at 325 nm, P : HeNe reading
beam at 633 nm, S±1 : HeNe diffracted beams, PM : power meter and ID : iris
diaphragm

The beam of a HeCd laser emitting at λ = 325 nm was divided into two mutually
coherent beams, by means of a dielectric beam splitter (BS). The two beams, R1 and
R2 , with intensities of 300 mW/cm2 each, were subsequently directed onto the

sample, forming an intensity interference pattern. Numerous recordings at various
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fringe spacing values (Λ) have been studied. A HeNe laser beam emitting at λ = 633
nm was used to monitor the recording of the holographic grating. The 5.7 mW HeNe
probe beam, P, was incident normally onto the surface of the film. Two scattered
beams, S±1, of equal intensity were observed corresponding to the ±1 diffraction
orders of the recorded sinusoidal grating. By using an optical power meter and a
storage oscilloscope, one of the two diffracted beams was monitored, in order to
investigate the temporal characteristics of the recorded gratings.
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4. EXPERIMENTAL RESULTS AND DISCUSSION
4.1 Preparation of the InOx films
The InOx films in the present work have been deposited by a dc planar
reactive magnetron sputtering of ALCATEL (the sputtering equipment has been
described in detail in the section 3.1.3) in a mixture of argon-oxygen plasma at a total
pressure of 8 × 10−3 mbar using a 99.999% pure In target. The vacuum chamber base

pressure was 1 × 10−7 mbar. Films with thickness of 100-1600 nm were produced in
various mixtures of oxygen in argon (the oxygen volume fractions in the argonoxygen plasma used were F = 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0). All
depositions were carried out at room temperature. Before deposition, the target was
always presputtered for 15 min to remove any contaminants and eliminate any
differential sputtering effects. The as deposited films were transparent with a
conductivity of the order of 10−4 −10−3 Ω −1cm−1 . In addition to these films, some
transparent films with high conductivity in their as-deposited state have also been
produced to examine their electrical properties. The transparent conductive films were
deposited with an oxygen volume fraction F = 0.14 − 0.17 in the argon-oxygen
plasma at total pressure of 2 × 10−3 mbar. However, the main work has been focused
on the transparent InOx films with conductivity of the order of 10−4 −10−3 Ω −1cm−1 in
their as-deposited state. The structural, optical and chemical properties of these films
are extensively investigated in the following.
The InOx films have been deposited onto various substrates suitable for the
different measurements carried out. In a such way different sets of samples have been
produced:
1. InOx films with various thickness values onto Corning 7059 glass substrates which
had thermally evaporated NiCr electrodes for conductivity measurements and Auger
electron spectroscopy (AES). In the latter case, the metallic electrodes served to avoid
charging effects caused by the electron beam. A conventional thermal evaporation
system has been used for the deposition of the metallic electrodes onto the glass
substrates.
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2. InOx films onto similar substrates without electrodes for x-ray diffraction
measurements (XRD). As-deposited conductive films with a geometry suitable for
Hall effect measurements have been prepared as well.
3. InOx films onto Desag glass substrates with an absorption edge at 330 nm for
optical measurements.
4. InOx films onto silicon substrates for energy x-ray dispersive analysis (EDX) in
order to avoid the oxygen signal from the glass.
5. InOx films with a thickness of about 100 nm onto NaCl substrates for transmission
electron microscopy (TEM).
The thickness of the as-deposited InOx films was measured by use of a
Talystep stylus profilometer (Taylor Hobson Co., London). The stylus method
consists of measuring the mechanical movement of a stylus as it is made to trace the
topography of a film-substrate step. A diamond needle stylus serves as the
electromagnetic pickup. The stylus force is adjustable from 1 to 30 mg, and vertical
magnifications of a few thousands up to a million times are possible. Film thickness is
directly read out as the height of the step-contour trace.

4.2 Structural characterization of the InOx films
4.2.1 X-ray diffraction (XRD)

The microcrystalline structure of the as-deposited InOx films was revealed by
x-ray diffraction analysis using a Rigaku RINT-2000 x-ray diffractometer with a
CuKα x-ray source, which was operated in the continuous scan mode. The operating
conditions of the x-ray diffractometer are given in Table 4.1.
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Table 4.1 Operating conditions of the x-ray diffractometer
X-rays

Cu Kα

Voltage and current

50 kV and 200 mA

Scan speed

0.5 deg. /min

Scan step

0.5 deg.

Detector

Scintillation counter

Figure 4.1 shows the x-ray diffraction patterns of InOx films with thickness
200, 300 and 600 nm deposited with F = 0.5. All the peaks in the films correspond to
the body centred cubic (b.c.c.) structure of In2O3 and indexed on the basis of the
ASTM data card 6-0416 (see Table 4.2). In the ASTM powder diffraction pattern for
In2O3 the strongest peak is (222) and the lattice constant of bulk In2O3 is α 0 =1.0118
nm. The films in Fig. 4.1 exhibit peaks representing the crystal planes (211), (222),
(332), (431), (440) and (622) with the dominant peak being the (222) peak.
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Fig. 4.1 (continued)

- 106 -

60

70

80

(222)

(b)
1400
1200

Intensity (CPS)

1000
800
600

(622)

(440)

(431)

200

(332)

(211)

400

0
10

20

30

40

50

60

70

80

70

80

2 THETA (degrees)

(222)

(c)
1800
1600

1200
1000
800

(622)

200

(440)

(211)

400

(431)

600

(332)

Intensity (CPS)

1400

0
10

20

30

40

50

60

2 THETA (degrees)

Fig. 4.1 Cu Kα x-ray diffraction patterns of InOx films deposited with an oxygen
fraction F = 0.5 having a thickness of (a) 200 nm (b) 300 nm and (c) 600 nm.
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Each grain in a polycrystalline matrix normally has a crystallographic
orientation different from that of its neighbours. Considered as a whole, the
orientations of all the grains may be randomly distributed or they may tend to
congregate about some particular orientations. Any polycrystalline matrix
characterized by the latter condition is said to have a preferred orientation, which can
be simply defined as a condition in which the distribution of crystal orientations is not
random. The preferred orientation along a certain [hkl] axis in a polycrystalline film
can be described as [147, 148]:

TC( hkl ) =

I ( hkl ) I 0 ( hkl )

(4.1)

(1 N )∑ I ( hkl ) I 0 ( hkl )

where TC(hkl) is the texture coefficient of the [hkl] axis, I is the measured intensity,
I 0 is the ASTM standard intensity of the corresponding powder and N is the number

of reflections observed in the x-ray diffraction pattern. The sum in the equation (4.1)
is over each peak present in the x-ray spectrum. The TC of the films in Fig. 4.1 was
calculated based on the equation (4.1) and the results are given in Table 4.2 together
with the ASTM standard intensity of the (hkl) planes present in the x-ray diffraction
pattern of the standard In2O3 powder. It is clear from Table 4.2 that all the films
exhibited a preferred orientation along the [222] axis.
Table 4.2 Texture coefficients of various In2O3 films deposited with F = 0.5.
d (Å)
4.13
2.92
2.7
2.53
2.39
2.26
2.16
2.07
1.98
1.85
1.79
1.74
1.69
1.64
1.6
1.56
1.53
1.46
1.46
1.43

ASTM 6-0416
I/I0
14
100
2
30
8
2
6
2
10
4
35
4
2
6
2
4
25
6
6
2

hkl
211
222
321
400
411
420
332
422
431
521
440
530
600
611
620
541
622
631
444
243

200 nm thick film
I (measured) I/IASTM
TC
134
9.571
1.605
1268
12.680
2.127

300 nm thick film
I (measured) I/IASTM
TC
109
7.786
1.365
1240
12.400
2.174

600 nm thick film
I (measured) I/IASTM
TC
144
10.286
1.436
1612
16.120
2.250

30

5.000

0.839

30

5.000

0.877

40

6.667

0.930

30

3.000

0.503

30

3.000

0.526

37

3.700

0.516

105

3.000

0.503

105

3.000

0.526

107

3.057

0.427

63

2.520

0.423

76

3.040

0.533

79

3.160

0.441
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The lattice constant of the films was calculated from the dominant peak of the
x-ray diffraction pattern in Fig. 4.1. By using x-rays of wavelength λ= 0.154 nm, the
angle 2θ in which the dominant peak (222) appears was measured to be 30.45°.
Knowing the angle 2θ , the distance between adjacent planes in the set (222) can be
calculated using the Bragg law given by the equation (3.17) in the section 3.3.2:
2d sin θ = λ

This distance was found to be 2.93 Å, which is in a good agreement with the value
2.92 Å given by the ASTM 6-0416 card. The lattice constant α 0 for the cubic
structure of In2O3 can be calculated from the following equation [137]:
1
h2 + k 2 + l 2
=
d2
α 20

(4.2)

where d is the distance between adjacent planes in the set (hkl). Applying the equation
(4.2) for the set of (222) planes, a lattice constant of α 0 = 1.014 ± 0.006 nm has been
calculated [149]. The uncertainty in the above value arises from the corresponding
uncertainty involved in the measurement of the angle 2θ in the x-ray diffraction
pattern and has been calculated using the well known theory of standard deviation.
This value is in a good agreement with the ASTM 6-0416 value a0 = 1.0118 nm for
the cubic structure of In2O3. This indicates that these films are close to stoichiometric
In2O3.
The crystallite size (grain size) of the films was calculated using the Scherrer’s
formula given by the equation (3.27) in the section 3.3.4:

D=

0.9λ
B cos θ B

where λ = 0.154 nm and B is the measured broadening of the diffraction line peak at
an angle 2θ, at half its maximum intensity. When the size of the crystals is less than
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about 100 nm the effect of the diffractometer causes an extension of the broadening at
the x-ray diffraction pattern [137]. Therefore, the chief problem in determining
crystallite size from line breadths is to determine B from the measured breadth B M of
the diffraction line. Of the many methods proposed, Warren’s is the simplest.
According to this method, B is given by:
B 2 = B M2 − BS2

(4.3)

where BS is the measured breadth, at half-maximum intensity, of a standard which
has a crystallite size greater than 100 nm. The instrumental broadening BS is usually
obtained by measuring the diffraction peak width of a sample of monocrystalline
silicon, at half-maximum intensity. In the present work, monocrystalline silicon (111)
has been used, in which the diffraction peak appears at an angle 2θ of about 28.5° that
is close to the angle 2θ (30.45°) where the (222) diffraction peak of In2O3 appears.
Using Warren’s method, a crystallite size of D = 20.6 nm was calculated for the asdeposited InOx films [149]. The precision of crystallite-size analysis is of the order of

± 10%. Sanon et al. [150] have also used Scherrer’s formula to calculate the
crystallite size for tin oxide films prepared by reactive evaporation but they found B
from B M simply from the difference between B M and BS . However, using Warren’s
method, one has more accurate results in the range of 0−100 nm.
Figure 4.2 shows the x-ray diffraction pattern of InOx films deposited with F =
0.7, 0.8 and 0.9. The thickness of the films were 180, 190 and 250 nm, respectively.
In Fig. 4.2, the broad background peak is due to the amorphous glass substrate, which
is not subtracted from the diffraction pattern in this case. It is clear from Fig. 4.2 that
films deposited with higher oxygen volume fractions in the argon-oxygen plasma than
F = 0.5 still exhibit a dominant diffraction peak along the [222] axis. It can also be
observed from Fig. 4.2 that by increasing the oxygen volume fraction in the growth
plasma, the intensity of the diffraction peaks gradually increases, which means that
the crystallinity of the films becomes greater. This is distinctly seen in the x-ray
diffraction pattern of the film deposited with F = 0.9.
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Fig. 4.2 (continued)
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Fig. 4.2 Cu Kα x-ray diffraction patterns of InOx films deposited with an oxygen

fraction (a) F = 0.7 (b) F = 0.8 and (c) F = 0.9 having a thickness of 180 nm, 190
nm and 250 nm, respectively.

4.2.2 Transmission electron microscopy (TEM)

InOx films with a thickness of about 100 nm were deposited onto NaCl single
crystals for TEM studies. After the deposition, the films were removed from the NaCl
substrates by dissolving the salt in distilled water and were mounted onto copper
grids. All samples were examined with a JEOL Temscan 100CX microscope operated
at 100 kV. The electron diffraction pattern of the virgin films, before exposure to the
focused electron beam, was that of a typical amorphous phase. However, an electron
beam induced recrystallization mechanism was observed to take place in situ in these
films. This effect is well known for a TEM system and has been observed before in
TEM studies carried out on different materials. Figure 4.3 shows a sequence of
electron diffraction patterns produced from the same selected area of an InOx film by
increasing the time of film exposure to the focused electron beam.
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(a)

(b)

(c)

(d)

(e)

Fig. 4.3 Electron diffraction patterns of the same selected area of a 100 nm thick InOx

film as a function of film exposure time to the focused electron beam. The initial
mainly amorphous phase, (a), is transformed, (b)-(d), to a typical microcrystalline
In2O3 phase, (e), during in-situ electron beam recrystallization.
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As seen in Fig. 4.3(a), the diffraction pattern of the film initially consisted of diffuse
rings with only a few crystallites embedded in the uniform matrix indicating mainly
an amorphous phase with a trace of crystalline In2O3. This is due to the small
thickness of the film. Usually, InOx films deposited by dc magnetron sputtering at
room temperature in a mixture of argon-oxygen plasma exhibit a microcrystalline
structure in their as-deposited state when they have a thickness above about 100 nm.
The films used for TEM studies in the present work had a thickness d ≤ 100 nm,
being therefore at the limit between microcrystalline and amorphous phase. Thicker
films have also been produced for TEM observations, however, they proved to be
electron-impenetrable in this particular TEM system operated at 100 kV. Longer
exposure of the film of Fig. 4.3(a) to the electron beam led to a diffraction pattern of
Fig. 4.3(b). It is clear in this figure that the crystallites embedded in the amorphous
phase are numerous and slightly larger, indicating a mixture of the amorphous and the
microcrystalline phase. The fraction of the microcrystalline phase increased, while
the fraction of the amorphous phase decreased by extending the exposure time, as
seen in Fig. 4.3(c). The diffraction pattern is now entirely composed of crystallites
which are so many that the diffraction pattern starts to form sharp rings ascribed to
the In2O3 cubic structure. A further increase in the sharpness of the rings can be seen
in Fig. 4.3(d). Finally, in Fig. 4.3(e), the sharp diffraction rings observed indicate that
the initial amorphous phase crystallized around the already present crystallites. This
diffraction pattern is typical of a microcrystalline In2O3 film. All of the samples of
InOx examined exhibited similar behaviour to the one in the Fig. 4.3. These results are
very interesting from the point of view that one can see very simply the
transformation from the amorphous to the microcrystalline phase in one and the same
film without involving any conventional post-deposition heat process. The results
reported here have been compared with those of previous studies [29] of the substrate
temperature influence on the structure of indium oxide films using transmission
electron microscopy and electron diffraction, and, although the procedure which
causes the crystallization is different in these two cases, it has been found that the
films pass through similar intermediate phases before the final crystallization occurs.
Figure 4.4(a) shows the corresponding bright-field electron micrograph with
magnification 66.000 of the InOx film after crystallization occurred. This micrograph
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exhibits a grainy structure which consists of many small grains of relatively uniform
size forming a morphologically homogeneous film.

(a)

(b)

Fig. 4.4 Bright-field electron micrographs with magnification 60.000 of the same

InOx film as in Fig. 4.3 after crystallization occurred
Figure 4.4(b) shows the bright-field electron micrograph with magnification
66.000 of the same InOx film, however, two different regions can be easily recognized
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in this micrograph. The lower part of the micrograph corresponds to an area of the
film exposed for longer time to the focused electron beam than the area shown at the
upper part of the micrograph. As a result, a crystal growth appears in this area. This is
a clear indication that the electron beam causes annealing of the film.
The lattice spacings d hkl were determined from the electron diffraction pattern
of the InOx film, after crystallization occurred. From Fig. 4.5, it can written:

tan 2θ =

D
≈ 2θ
2⋅ L

D

 L >> 

2

(4.4)

where L is the distance between the sample and the photographic film, known as the
camera length, and D is the diameter of the diffraction rings.

Fig. 4.5 Schematic illustration of electron diffraction in transmission electron

microscopy
Using Bragg’s law: λ = 2d sin θ ≈ 2dθ and the equation (4.4), it can be derived:
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d khl = λ ⋅ L ⋅

2
D

(4.5)

where λ is the de Broglie wavelength which can be calculated from the accelerating
potential V, using the de Broglie relationship given by the equation (3.18):

λ=

h
2mqV

However, in this region of large accelerating potentials, 100 kV, the relativistic
correction to the mass of electrons should be applied. Thus, the de Broglie
relationship is written:

λ=

h

(4.6)

qV 

2mqV  1 +


2mc 2 

To eliminate uncertainties in the acceleration voltage and camera length, a standard
thallium chloride (TlCl) crystal was used as a reference for the diffraction
measurements. From the most clearly visible diffraction ring in the diffraction pattern
of TlCl corresponding to the (110) plane with a lattice spacing d110 = 2.717Å
according to the ASTM data card 06-0486, the quantity λ ⋅ L (L in mm and λ in Å)
was determined by measuring the diameter D of the ring and it was found to be λ⋅L =
111.4 Å⋅mm. Subsequently, this value was used to calculate the lattice spacings of the
InOx film by measuring the diameter D of the diffraction rings in the diffraction
pattern and using the equation (4.5). In this case, the relativistic correction was not
necessary to be used, since the diffraction patterns of the standard TlCl crystal and the
InOx film were produced under the same experimental conditions. The lattice
spacings d hkl calculated for the InOx film are listed in the Table 4.3 together with the
corresponding d hkl values of the standard In2O3 powder provided in the ASTM data
card 06-0416, for comparison. In Fig. 4.6, the crystallographic planes corresponding
to the observed diffraction rings are identified.
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Table 4.3. Lattice spacings dhkl calculated from the electron diffraction pattern of a

microcrystalline InOx film
d (Å)
4.13
2.92
2.7
2.53
2.39
2.26
2.16
2.07
1.98
1.85
1.79
1.74
1.69
1.64
1.6
1.56
1.53
1.46
1.46
1.43

ASTM 6-0416
I/I0
14
100
2
30
8
2
6
2
10
4
35
4
2
6
2
4
25
6
6
2

hkl
211
222
321
400
411
420
332
422
431
521
440
530
600
611
620
541
622
631
444
243

Calculated data from TEM
D (mm)
d (Å)
55
4.05
77
2.89
89.5
94.5

2.49
2.36

104.5

2.13

114

1.95

126.5

1.76

137.5

1.62

148.5

1.50

Fig. 4.6 Identification of the crystallographic planes corresponding to the observed

diffraction rings of the same InOx film as in Fig. 4.3 after crystallization occurred
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4.2.3 Discussion

The structure, i.e. the crystallinity and the microstructure, of the as-deposited
InOx films prepared by dc reactive magnetron sputtering at room temperature was
examined using x-ray diffraction analysis and transmission electron microscopy and
electron diffraction. The x-ray diffractograms exhibited a body-centred cubic (b.c.c.)
.
± 0.006 nm, which is in good agreement with the literature
structure with α 0 = 1014
value α 0 = 1.0118 nm (ASTM card 6-0416). The presence of hexagonal In2O3 has
also been reported by other researchers, who prepared their films with thermal
reactive evaporation [31], thermal evaporation of metallic indium and subsequent
oxidation [38] and reactive ion-beam sputtering [26]. However, there was no
indication of hexagonal structure in the films produced in the present work. The x-ray
diffractograms of the films were inconsistent with the hexagonal and rhombohexagonal In2O3 structures (ASTM card 22-336, ASTM card 21-406).
All the InOx films exhibited a preferred orientation along the [222] axis,
independently of the oxygen content used in the argon−oxygen plasma during the
deposition. Previously [31], indium oxide films prepared by reactive evaporation at
various oxygen partial pressures and substrate temperature at 200 °C have been found
to show [400] as preferred orientation. However, indium oxide films prepared by
reactive evaporation, but with varying both substrate temperature and oxygen partial
pressure [35], have been reported to have a preferred orientation sometimes along the
[222] axis and other times along the [400] axis, depending on these deposition
parameters. On the other hand, indium oxide films deposited with the sol-gel method
[54] at different temperatures exhibited a preferred orientation along the [222] axis,
independently of temperature. A change in the preferred orientation with varying
sputtering power has been observed by Wu et al. [151] for rf sputtered indium oxide
films. At low sputtering power, 15 W, the peaks corresponding to the (222) and (400)
planes appeared to be the dominant peaks at the x-ray diffractogram, with a preferred
orientation along the [222] axis. At a power level between 25 and 75 W, the (222)
peak disappeared and the (400) peak became very strong, indicating a preferred
orientation along the [400] axis. At a higher sputtering power, 100 W, the (222) peak
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reappeared, but a preferred orientation along the [400] axis was still evident. With
further increase of the sputtering power, 125 W, the intensity of the (222) peak
became comparable to that of the (400) peak. The trend of the preferred orientation of
rf sputtered indium oxide films to change from (222) to (400) with increasing
sputtering power has also been observed by other researchers [152−154]. However,
the reappearance of the (222) peak at higher sputtering powers was not previously
observed, and it could not be explained by Wu et al.. Latz et al. [152] and Suzuki et
al. [154] have also observed a variation of the preferred orientation from (222) to
(400) in rf sputtered indium oxide films with an increase in substrate temperature
from about 100 to 300 °C. Meng and dos Santos [64] have shown that indium oxide
films prepared by rf magnetron sputtering and subsequently annealed at 500 °C for
various times (from 30 to 180 min) exhibited a preferred orientation along the [400]
axis. Annealing did not change the preferred orientation, however, it gradually
changed the (222) peak intensity relative to that of the (400) peak. A preferred
orientation along the [222] axis has also been reported for indium oxide films
prepared by other deposition techniques, such as reactive thermal evaporation [30, 34,
155], electron beam evaporation [32], thermal evaporation of metallic indium and
subsequent oxidation [38] and reactive ion plating of pure indium in an oxygen
atmosphere [83]. The above presented results show that not only the difference in
deposition procedures between the various deposition techniques but also in
deposition parameters for films prepared with the same deposition technique may
result in a change in the preferred orientation of indium oxide films. However,
preferred orientations along other axes, but [222] and [400], have not reported in the
literature for indium oxide films. It should also be noted that, all the x-ray diffraction
analysis results for indium oxide films in the literature, independently of the
deposition method and parameters, indicate that the species deposited is In2O3,
whereas, in the case of tin oxide it was observed [156] that either SnO or SnO2 may
be deposited. This may be explained by the fact that, for indium oxide, the only stable
chemical species is In2O3.
The crystallite size (grain size) of the InOx films produced in the present work
was calculated from peak broadening of the dominant diffraction peak (222) using
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Scherrer’s formula and Warren’s method and it was found to be D = 20.6 nm.
Rottman et al. [157] have prepared ITO films with both the techniques of dc reactive
sputtering and reactive thermal evaporation to examine the effect of the deposition
process on the microstructure of the films. The sputtered films were deposited using
(a) pure O2 and (b) water vapour as the reactive sputtering atmosphere at substrate
temperature 350 °C. All ITO films investigated were crystallized in the structure of
In2O3. An average grain size of D = 23.0 nm for dc-O2-sputtered and D = 33.0 nm for
dc-H2O-sputtered ITO films was calculated using Scherrer’s formula. It was also
found that the grain size vary with the different plane directions. Using the (222)
diffraction peak for the calculation of the grain size, the value of D = 21.0 nm was
determined for dc-O2-sputtered ITO films, which is in a very good agreement with the
value of D = 20.6 calculated for the InOx films in the present work, while for dc-H2Osputtered ITO films a grain size of D = 27.0 was found. The ITO films prepared by
reactive thermal evaporation showed a large average grain size of about D = 80.0 nm,
indicating a high crystallinity. This large difference in grain size between dc sputtered
In2O3 / ITO films and thermally evaporated films can be explained in terms of the
different deposition processes. During the dc sputtering procedure a bombardment of
the substrate and the growing film with high energy particles (E ≈ 100 − 1000 eV)
takes place. This causes surface damage and leads to a disturbance of the crystal
growth. During thermal evaporation the released particles have only a small kinetic
energy (E ≈ 0.1 eV) and therefore, larger crystals can be created in the growing film.
An average lattice constant α 0 = 1014
.
nm was calculated by Rottmann et al. [157]
for the dc-O2-sputtered ITO films, which is in perfect agreement with the value
calculated for the InOx films in the present work. This suggests that the introduction
of Sn into the In2O3 host lattice either as substitution for In or in interstitial sites does
not actually cause any change of the lattice parameters. A grain size of 50−100 nm
has been obtained by Shigesato et al. [20, 158, 159] by means of x-ray diffraction
analysis and transmission electron microscopy for ITO films prepared by the electron
beam evaporation technique. From these results, it becomes clear that reactive
thermal evaporation and electron beam evaporation offer the advantage over the
sputtering process of diminishing energetic ion bombardment damage in the asdeposited material and, therefore, producing higher crystalline quality films, i.e.
larger grain size, lower defect density. Lee et al.[37] produced indium oxide films by
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thermal evaporation of about 100 nm of metallic indium onto Si (111) and subsequent
oxidation at temperatures ranging from 500 to 900 °C, and observed by means of
scanning electron microscopy that the films were formed by large grains with sizes of
400−600 nm, with each grain being composed of many subgrains with sizes of 40−60
nm. The shapes of the grains separating with a boundary gap of 100 nm were different
but those of the subgrains were mostly identical with each other. This structure has
also been observed by Tahar et al. [54] for indium oxide films prepared by the sol-gel
deposition method onto Corning glass 7059 substrates at temperatures ranging from
300 to 700 °C. The average grain size of the films deduced from transmission electron
microscopy was much higher than that evaluated from the peak broadening in the xray diffraction pattern using Scherrer’s formula, suggesting that each grain is
composed by individual crystallites. This was clearly seen in the dark-field image of
the films. Similar microstructural characteristics were observed by Higushi et al.
[160] in ITO films prepared by dc magnetron sputtering at substrate temperatures of
200−250 °C. The films were formed by large grains with a maximum diameter up to
460 nm composing of many micrograins which gathered in the same orientation, as
revealed by high resolution scanning electron microscopy. However, this structure
was not appeared in the films prepared at lower substrate temperatures (25−150 °C).
The mechanism of the formation of these large grains with temperature was not
clarified. It is likely that a coalescence of grains forms a larger grain and that the high
substrate temperature has a higher coalescence energy, so deposition at high
temperatures may form these large grains.
The TEM experiments carried out on InOx films with a thickness of about 100
nm showed that the films consisted of a large intergranular amorphous phase. In situ
electron beam recrystallization was observed to take place in these films. The electron
diffraction pattern of the as-deposited InOx films consisted of diffuse rings with only a
few crystallites embedded in the uniform matrix indicating a film which consisted
mainly of amorphous phase with a trace of crystalline In2O3. This was due to the
small thickness of the film (of about 100 nm). The same selected area of the film,
after about 10 min of irradiation with the focused electron beam, exhibited an electron
diffraction pattern consisting of sharp diffraction rings, typical of a microcrystalline
In2O3 film. This means that the initial amorphous phase crystallized around the
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already present crystallites. This can be interpreted as a rapid growth of initially
neighbouring crystallites to new, highly ordered crystallites by electron beam induced
annealing. This effect was also observed by Rauf [161] for indium oxide films
prepared with the reactive thermal evaporation technique. Rauf, using a highresolution JEOL 2000EX transmission electron microscope, observed that In2O3 films
containing both amorphous and crystalline phases are usually highly disordered. Even
crystalline grains observed in these films seemed to have high defect densities. These
defects include stacking faults, dislocations, impurity atoms and oxygen vacancies.
The electron beam irradiation brings the amorphous phase in a higher-energy state so
that the ordering process in this region is very fast. Rapid growth of the originally
existing neighbouring crystallites occurs forming highly ordered recrystallized
crystallites into the amorphous phase, by annealing the defects out to the boundaries
separating these crystallites. The material is then crystallized around the already
formed highly ordered crystallites.
Kasiviswanathan and Rangarajan [21] have produced indium oxide films with
a thickness of 70 nm by dc reactive magnetron sputtering in the presence of pure
oxygen at room temperature and observed that the as-deposited films exhibited a clear
microcrystalline structure which was evidenced from the well defined rings in the
electron diffraction pattern. This probably results from the fact that the growth of
these films occurred in a pure oxygen atmosphere, since the films prepared in the
present work with a thickness of about 100 nm in a mixture of argon-oxygen plasma
were found to be mainly amorphous in their as-deposited state. The existence of more
oxygen in the plasma may lead to a faster reaction with the available In bonds at the
first stage of the deposition process and therefore to a faster growth of In2O3
crystallites. When the sputtering process occurs in a mixture of argon-oxygen plasma,
in the metallic mode (i.e. when the target surface is clean), metal atoms arrive at the
substrate surface with high deposition rates, thus, some of the sputtered metal atoms
on the substrate surface may not become fully oxidized. This is not critical for the
production of relatively thick films, since the deposition rate as well as the metal
arrival rate decreases with the sputtering time due to oxidation of the target surface. In
this stage of deposition, i.e. in the oxide mode, the oxidized metal atoms which are
sputtered from the oxidized target surface further react with oxygen on the substrate
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surface, forming In2O3 crystallites. However, sputtering in a pure oxygen atmosphere
leads to a faster decrease of the deposition rate due to partial oxidation of the target
surface shortly after the deposition begins, resulting in production of microcrystalline
films having smaller thickness. A crystallite size D = 20 nm was reported, also by
Kasiviswanathan and Rangarajan [21], for sputtered indium oxide films. Alam et al.
[162] proposed ozone (O3), for the first time, as a reactive gas for production of ITO
films by dc reactive magnetron sputtering using a metallic alloy (In−Sn) target. Their
experiments suggested that the addition of a small fraction of O3 (i.e. reactive gas
consisting of 96% O2 and 4% O3) in the argon-oxygen plasma enhanced the reaction
with the sputtered metal atoms on the substrate surface at low temperatures due to its
powerful oxidizing nature. It was shown that incorporation of O3 in the reactive gas
was very effective in the production of microcrystalline films at a high deposition rate
even at room temperature. Therefore, microcrystalline films produced in the oxygen
environment are mainly due to target reaction (oxide mode), whereas microcrystalline
films can be readily produced due to substrate reaction (metallic mode) in the O3added environment since ozone acts as a more powerful oxidizing agent than oxygen.
At higher substrate temperatures (above 250 °C), it was observed that there was not
appreciable difference in the properties between the films deposited in the oxygen
environment and those in the reactive gas composed of both oxygen and ozone. This
can be explained by the fact that at high substrate temperatures the reaction is
dominated by the substrate temperature rather than the presence of ozone in the
reactive gas. Muranaka et al. [29] have shown by means of transmission electron
microscopy and electron diffraction that indium oxide films prepared by reactive
thermal evaporation at substrate temperature 300 °C, even having a thickness of
2.5−5.0 nm, were completely crystalline, as indicated by the sharp diffraction rings.
The corresponding electron micrographs showed that the films were closely packed
with very small crystallites. The effect of substrate temperature on the film
crystallinity and microstructure has also been examined by Hamberg and Granqvist
[163] for reactive thermal evaporated ITO films with a thickness of about 40 nm. The
electron diffraction pattern of the films prepared with a substrate temperature of 45 °C
consisted only of diffuse rings, whereas that of the films prepared at a substrate
temperature of 160 °C displayed a large number of distinct rings. The corresponding
electron micrograph exhibited a microcrystalline structure with grains having a size of
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10−50 nm. The crystallinity was further improved at substrate temperature 230 °C,
and the diffraction pattern of these films consisted of very distinct diffraction rings. A
crystallite size of about 100 nm was determined in this case. However, at higher
substrate temperatures, the crystallites seemed to be smaller. The reason for this
unexpected decrease in grain size could not be explained by these researchers. A
thought was that maybe different values of oxygen partial pressure are required for
maximum grain size in films grown at high substrate temperatures.
The lattice spacings d hkl calculated for the InOx films in the present work
differ by about 1% from the corresponding ones of the ASTM standard In2O3 powder.
Similar variation of about 1% from the standard values has also been reported by
Kasiviswanathan and Rangarajan [21] by applying the relativistic correction for the
calculation of the de Broglie wavelength from the accelerating potential. It should
also be noted that the crystal planes (400), (411) and (611), which are absent in the xray diffraction pattern of the as-deposited microcrystalline InOx films in the present
work, clearly appear in the electron diffraction pattern of thinner (d ≤ 100 nm) films
after crystallization occurs. This is because very few grains are oriented in these
directions. As seen from the electron diffraction pattern, the reflections from
individual grains can be recognized as separate spots in the diffraction rings of these
planes, whereas the reflections from the preferred orientation planes like (222) and
others, are so numerous that they make up continuous rings. Harberg and Granqvist
[163] have observed the presence of four “extra” diffraction rings corresponding to
the (110), (200), (220) and (310) planes in the electron diffraction pattern of reactive
evaporated ITO films, which do not exist in the ASTM data card 6-0416 of bulk cubic
In2O3. These four “extra” reflections have also been seen by Ovadyahu et al. [27] in
the electron diffraction pattern of e-beam evaporated indium oxide films. However,
the origin of these reflections was not explained by these researchers. In a later work,
the existence of these four forbidden reflections was also reported by Rauf [161] for
ITO films prepared by e-beam evaporation, and it was explained as a double
diffraction effect [164]. Two of these forbidden reflections, corresponding to (200)
and (220) planes, have been previously observed by x-ray diffraction analysis carried
out on single In2O3 crystals [86].
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4.3 Optical properties of the InOx films
4.3.1 Transmission measurements in the visible light region
The optical transmittance of the InOx films has been measured using a PerkinElmer VIS/UV transmission spectrometer. Figure 4.7 shows the transmission spectra
in the visible light region (λ = 400 − 800 nm) for two InOx films having a thickness
of 500 nm and 700 nm. In the visible light region the transmission is controlled by
interference effects in the film. If there is a little or no absorption of light in a uniform
film, then constructive or destructive interference will occur because of the multiple
reflections from the film surface. In Fig. 4.7, the interference maxima and minima
(fringes) can be clearly seen, while the trough at around 400 nm is partly obscured by
the interband absorption. The films exhibit a high optical transparency in the visible.
The film with thickness 500 nm has a transparency higher than 80%, while the
transparency increases up to 90% for the film with thickness 700 nm.

Fig. 4.7 (continued)
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Fig. 4.7 Optical transmission spectra of as-deposited InOx films with thickness
(a) 500 nm

(b) 700 nm. The envelope functions Tmax and Tmin are treated as

continuous functions of λ according to Manifacier’s method.

The refractive index n has been calculated for the film with thickness 700 nm
from the position of the interference minima in the transmission spectrum of Fig.
4.7(b). This method has been discussed in detail in the section 2.4.2. The condition
for interference fringes is given by the equation (2.86):

4πnd

λ

= mπ

where m is the order of a particular fringe appearing in the transmission spectrum at a
wavelength λ, n is the refractive index and d is the measured thickness of the film.
This equation provides the interference maxima in the transmission spectrum when m
is an even integer, whereas the interference minima can be determined when m is an
odd integer. Therefore, the conditions for maxima and minima can be written,
respectively:
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2nd = mλ 1

for maxima

(4.7)

4nd = (2 m + 1)λ 1

for minima

(4.8)

By measuring the wavelengths at the successive maxima or minima in the
transmission spectrum, the value of the refractive index n can be determined by a
simple graph of

1

λ

vs. m, which yields a straight line with slope 1 4 nd . This

procedure is only correct if n is known to have no linear wavelength dependence.
Figure 4.8 shows this graph for the InOx film with thickness 700 nm, where m
represents the position of the interference minima in the transmission spectrum of Fig.
4.7(b).
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Fig. 4.8 1 λ ( nm−1 ) as a function of the order of fringes (m) for the as-deposited

InOx film with thickness 700 nm

From Fig. 4.8, the refractive index was found to be n = 2.04. This value is in good
agreement with the literature value n = 1.97 in the visible and near infrared for In2O3
[163].
The effect of annealing on the optical properties of the films was examined.
For this purpose, the film with thickness 700 nm was heated for 1 h at 150, 200 and
250 °C in air. Figure 4.9 shows the transmission spectra of the film for the different
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temperatures, while Fig. 4.10 shows the corresponding graphs for the calculation of
the refractive index. The values of n determined are listed in the Table 4.4.

Fig. 4.9 (continued)
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Fig. 4.9 Optical transmission spectra for a InOx film with thickness 700 nm after

annealing at (a) 150 ° C, (b) 200 ° C and (c) 250 ° C. Envelope functions, Tmax and
Tmin , which are treated as continuous functions of λ have been constructed according

to Manifacier’s method.
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Fig. 4.10 1 λ ( nm−1 ) as a function of the order of fringes (m) for the InOx film with

thickness 700 nm after annealing at (a) 150 ° C, (b) 200 ° C and (c) 250 ° C.

Table 4.4 Refractive index values for the InOx film with thickness 700 nm.

As deposited
Annealed at 150°C
Annealed at 200°C
Annealed at 250°C

2.05
2.09
2.16
2.15

± 0.07
± 0.05
± 0.04
± 0.02
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The method proposed by Manifacier et al.[111, 112], which has been
described in detail in the section 2.4.2, has been used here to determine the optical
constants of the films from the fringe pattern of the transmission spectrum
constructing envelope functions Tmax and Tmin which are treated as continuous
functions of λ. The refractive index of a transparent dielectric film is given by the
equation (2.69):
nc = n − ik ,

k 2 << n 2

where n represents the real part of the complex refractive index and k the imaginary
part of it, which is also known as the extinction coefficient. According to
Manifacier’s method, the refractive index n of an InOx film can be calculated by the
equation (2.90):

[

(

n = N + N 2 − n 02 n 22

)

]

1/2 1/2

,

where:

N=

n02 + n22
T −T
+ 2n0n2 max min
2
Tmax Tmin

where n0 = 1 is the refractive index in air, n2 = 1.5 is the refractive index of the glass
substrate and Tmax, Tmin are the transmission maximum and the corresponding
minimum at a certain wavelength λ, both being measured. The thickness of the film
was calculated by two adjacent minima in the transmission spectrum using the
equation (2.91):

d =

λ 1λ 2
2n( λ 1 − λ 2 )

Knowing n and d, the extinction coefficient k was calculated from the equation (2.84):
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b = exp( − 4πkd λ )

where b is determined from the equation (2.89):

[
b=
C [1 + ( T

C1 1 − (Tmax Tmin )

1/2

Tmin )

1/2

2

max

]
]

and C1 = ( n + n 0 )(n + n2 ) ,

C2 = (n − n 0 )(n 2 − n) . Tables 4.5, 4.6, 4.7 and 4.8

present the values of the refractive index, n( λ ) , and extinction coefficient, k ( λ ) ,
calculated from Manifacier’s method for the film with thickness 700 nm in its asdeposited state and after annealing at 150, 200 and 250 °C, respectively. In Fig. 4.11,
the refractive index and the extinction coefficient are plotted versus wavelength in the
visible light region at room temperature, 150, 200 and 250 °C. The optically measured
thickness of the film determined from the interference pattern in the transmission
spectrum was found to be 709 nm. This value is in very good agreement with the
value 700 nm measured using a Talystep stylus profilometer.
Table 4.5. Optical constants for the as-deposited InOx film with thickness 700 nm.
λ
(nm)

Tmin

Tmax

N

n

C1

C2

b

k

εL

2nk

475.4
512.0
559.2
617.0
691.0
796.1

0.758
0.781
0.786
0.794
0.794
0.797

0.895
0.904
0.913
0.913
0.911
0.908

2.232
2.150
2.158
2.117
2.110
2.083

1.97
1.92
1.93
1.90
1.90
1.88

10.314
9.994
10.023
9.862
9.833
9.723

-0.458
-0.388
-0.394
-0.360
-0.354
-0.332

0.938
0.946
0.955
0.954
0.953
0.949

0.003
0.003
0.003
0.003
0.004
0.005

3.886
3.691
3.708
3.611
3.593
3.527

0.013
0.012
0.011
0.012
0.014
0.018

Table 4.6. Optical constants for the InOx film with thickness 700 nm after annealing

at 150 ° C.
λ
(nm)

Tmin

Tmax

N

n

C1

C2

b

k

εL

2nk

477.0
515.2
563.1
621.3
697.1
803.6

0.764
0.781
0.789
0.797
0.800
0.804

0.892
0.898
0.907
0.908
0.911
0.913

2.188
2.124
2.119
2.084
2.080
2.070

1.94
1.90
1.90
1.88
1.88
1.87

10.141
9.891
9.869
9.728
9.713
9.671

-0.420
-0.366
-0.362
-0.333
-0.330
-0.322

0.934
0.940
0.948
0.949
0.952
0.954

0.004
0.004
0.003
0.004
0.004
0.004

3.780
3.629
3.615
3.530
3.522
3.496

0.014
0.014
0.013
0.014
0.014
0.016

- 133 -

Table 4.7. Optical constants for the InOx film with thickness 700 nm after annealing

at 200 ° C.
λ
(nm)

Tmin

Tmax

N

n

C1

C2

b

k

εL

2nk

479.5
518.2
566.3
625.4
700.1
795.6

0.731
0.751
0.760
0.771
0.770
0.771

0.844
0.854
0.866
0.868
0.871
0.862

2.175
2.108
2.110
2.062
2.074
2.037

1.94
1.89
1.90
1.86
1.87
1.85

10.091
9.824
9.835
9.639
9.687
9.537

-0.409
-0.353
-0.355
-0.315
-0.325
-0.296

0.888
0.897
0.909
0.910
0.913
0.904

0.006
0.006
0.006
0.007
0.007
0.009

3.750
3.588
3.595
3.477
3.506
3.416

0.025
0.024
0.023
0.025
0.027
0.033

Table 4.8. Optical constants for the InOx film with thickness 700 nm after annealing

at 250 ° C.
λ
(nm)

Tmin

Tmax

N

n

C1

C2

b

k

εL

2nk

477.7
516.1
563.2
621.5
695.1
789.8

0.728
0.753
0.764
0.777
0.785
0.796

0.825
0.840
0.859
0.869
0.881
0.882

2.113
2.037
2.059
2.032
2.039
1.994

1.90
1.85
1.86
1.84
1.85
1.82

9.847
9.536
9.625
9.515
9.542
9.355

-0.357
-0.295
-0.313
-0.291
-0.296
-0.261

0.868
0.881
0.901
0.910
0.922
0.923

0.008
0.007
0.007
0.007
0.006
0.007

3.602
3.416
3.469
3.403
3.419
3.308

0.029
0.027
0.025
0.024
0.023
0.026

Refractive index
2
1.95

n

1.9
1.85
1.8

As deposited
Annealed at 150°C
Annealed at 200°C
Annealed at 250°C

1.75
1.7
400

(a)

450

500
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Wavelength (nm)

Fig. 4.11 (continued)
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Fig. 4.11 (a) Refractive index and (b) extinction coefficient for the InOx film with

thickness 700 nm at the as-deposited state and after annealing.

The values of n and k in semiconductors are not independent of each other but
are connected by the classical dispersion relations [165] for the complex dielectric
function ε ≡ ε 1 − iε 2 :
n2 − k 2 = ε 1

(4.9)

2nk = ε 2

(4.10)

where ε 1 represents the lattice permitivity, εL, of the material, which is approximately
equal to n2. Therefore, a knowledge of n and k determines

εL and 2nk. The quantity

2nk is related to the absorption and a plot of 2nk versus photon energy has usually the
same shape as a plot of the absorption coefficient, because n usually does not vary
strongly with energy. The values of

εL and 2nk calculated for the InOx film with

thickness 700 nm are included in Tables 4.5 − 4.8 above. Figure 4.12 shows the plots
of εL and 2nk versus wavelength.
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Lattice permitivity
4
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Fig. 4.12 (a) Real and (b) imaginary part of the complex dielectric function for the

InOx film with thickness 700 nm at the as-deposited state and after annealing.

4.3.2 Optical band gap Eg

The direct optical band gap of the as-deposited InOx films was determined by
optical absorption measurements. The same spectrometer was used in its absorption
mode to measure the absorption coefficient of the films. For direct transitions between
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the edges of the parabolic bands the variation in the fundamental absorption
coefficient α with photon energy hν is given by the equation (2.100):

α = A(hν − E g )

1/2

where E g is the optical band gap between the valence and the conduction bands.
Therefore α 2 is plotted versus hν and a straight line is fitted to the region
immediately above the edge, as seen in Fig. 4.13.

Fig. 4.13 a2 vs hν plot of as-deposited microcrystalline InOx film

The band gap is taken to be the intercept of this line with the energy axis. An optical
band gap E g = 3. 70 ± 0. 05 eV was obtained [149]. Table 4.9 shows the values of the
optical band gap determined for films prepared with a thickness 160−240 nm in
various mixtures of oxygen in argon.

Table 4.9 Direct optical band gap values of as-deposited microcrystalline InOx films
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Oxygen fraction in
plasma, F
0.5
0.6
0.7
0.8
0.9
1.0

Thickness
(nm)
240
160
180
190
240
160

Direct optical band gap
(eV)
3.72
3.73
3.72
3.72
3.71
3.74

As seen from Table 4.9, the value of the optical band gap of the as-deposited InOx
films was essentially the same for oxygen contents between F = 0.5 and 1.0 in the
sputtering gas.

4.3.3 Discussion

The optical properties of the microcrystalline InOx films have been studied by
optical transmission and absorption measurements. The as-deposited films were found
to be highly transparent in the visible light region with a visible transmission of up to
90%. The optical transmission in the visible and near-IR region reported by other
researchers for indium oxide films ranges from 75% to 90%, depending on the
conditions of preparation and subsequent process [ 11, 22, 23, 32, 38, 54, 55, 166,
167]. A refractive index value of 2.05 was obtained for the as-deposited InOx films,
which is in good agreement with the literature values ranging from 1.97 to 2.08 for
indium oxide films prepared by the sputtering technique [7, 11, 168]. This value was
calculated using the measured thickness of the film, 700 nm, as determined from a
Talystep stylus profilometer. Using the optically measured thickness of the film, 709
nm, determined from the interference pattern in the transmission spectrum, the value
of the refractive index is lowered by about 1%. Kane et al. [169] have observed an
important variation for n between 1.67 and 2.48 for films prepared by the chemical
vapour deposition technique. This wide variation of the refractive index was not well
understood by these researchers. Alajili and Bayliss [22] prepared indium oxide films
by dc reactive sputtering and obtained a refractive index value 1.95 for stoichiometric
films, x = 1.5, while films with x = 1.3 − 1.4 were found to have refractive indices
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around 2.0. This variation in the value of the refractive index with stoichiometry has
been explained as a gradual change of the chemical bonding with oxygen content. The
value 2.05 obtained for the InOx films in the present work, which were found to be
close to stoichiometry, supports these previous results. Naseem et al. [31] prepared
indium oxide films by the reactive thermal evaporation technique and observed a
decrease in the refractive index from 2.2 to 1.85 with increasing oxygen partial
pressure from 0.011 to 0.213 Pa. The reason for the low refractive index values
obtained at higher oxygen partial pressures was interpreted to be film disorder. This
disorder was considered to be a surface effect rather than a bulk effect throughout the
entire thickness of the film. Szczyrbowski et al. [13, 170, 171] demonstrated for rf
sputtered indium oxide films that the refractive index at the surface of the films was
different from that at the substrate−film interface. For the calculation of the refractive
indices, optical measurements of both transmission and reflection were carried out.
The model used [172] to analyze the optical measurements takes into account the
effect of light scattering at the film surface due to surface roughness and the optical
inhomogeneity in the direction normal to the film surface, n( z ) . The numerical
analysis was performed using constructed envelopes of the interference extrema in
both transmission and reflection. In a such way, all the interesting parameters, i.e.
refraction index at the film surface, refraction index at the substrate−film interface
and the scattering parameter, could be calculated as a function of wavelength. The
effect of the oxygen partial pressure during deposition on both refractive indices was
also investigated. It was found that the refractive index at the interface indium
oxide−glass was always constant at a value of 2.05, independent of the deposition
conditions, whereas the refractive index at the surface of the films was strongly
influenced by the oxygen partial pressure, varying from 2.0 to 1.6 with increasing the
oxygen partial pressure from 2 × 10−4 to 3 × 10−3 Pa. The difference in the value of the

refractive index observed between the film surface and the substrate−film interface
was attributed to the oxygen adsorbed after the deposition due to interaction with the
surface under atmospheric conditions. This effect was also considered to be the
reason for the strong variation of the refractive index at the film surface with oxygen
partial pressure during deposition. The effect of the film thickness on the refractive
index has been investigated by Aharoni et al. [173] for indium oxide films prepared
by ion-beam sputtering onto Si(111) substrates. By means of ellipsometry it has been
- 139 -

shown that the refractive index measured at a wavelength of 633 nm increased from
1.70 to 1.96 with the film thickness, up to a thickness of about 80 nm, after which it
was constant. This was attributed to a surface roughness, which is expected to
diminish as the thickness increases. It was also considered as a possible cause for the
effect of the film thickness on the refractive index, the fact that in the early stages of
growth the films contain a significant void fraction, the effects of which are decreased
as the thickness increases. Lee et al. [37] obtained a refractive index value of about
1.74 from ellipsometry measurements with a HeNe laser for indium oxide films
prepared by thermal evaporation of about 100 nm metallic indium onto Si(111)
substrates and subsequent thermal oxidation. In this case also, the low refractive index
obtained can be attributed to the above causes. However, it seems that the film
thickness above which the refractive index remains constant varies with the different
deposition techniques. Refractive index values of 1.94−2.14 were reported by Osaka
et al. [174] for indium oxide films grown by the chemical beam epitaxy (CBE)

method. It is clear from these results that there is an important scattering between the
refractive index values determined for indium oxide films among different
researchers, depending on the deposition parameters and process used for the
preparation of the films, and therefore, on the inherent properties of the films.
By annealing a microcrystalline InOx film with thickness 700 nm for 1 h in air
between 150 and 250 °C, the value of the refractive index remains essentially the
same within the limits of experimental error, as revealed by the graphical method
used to calculate the refractive index from the interference minima in the transmission
spectrum. Lee et al. [32] observed that a recrystallization occurs in polycrystalline
indium oxide films prepared by the thermal reactive evaporation technique with
annealing at temperatures between 400 − 800 °C in an oxidizing atmosphere,
resulting in significant grain growth and microstructural change. The optical
transparency of the films improved by about 10% as a result of the reduction in grain
boundaries and, therefore, the internal reflection. Of course, better crystallinity will
also enhance optical transparency. The fact that no increase in the optical
transparency of the InOx film under discussion with a thickness of 700 nm was
observed with annealing between 150 and 250 °C shows that annealing of a
microcrystalline film at low temperatures does not lead to film recrystallization. The
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lack of changes in film crystallinity with annealing temperature up to 400 °C has also
been observed by Wickersham and Greene [11] for microcrystalline indium oxide
films prepared by rf sputtering. This has also been demonstrated by Hoffmann et al.
[57] for rf sputtered indium oxide films by surface replicas of the films after
sputtering and after annealing at 420 °C. The films exhibited exactly the same
structure (i.e. no crystal growth) before and after annealing. It is therefore estimated
that structural changes cannot be responsible for the changes in the electrical or
optical properties of microcrystalline indium oxide films when they are annealed
below 400 °C. These changes can be explained only by exchange of oxygen from the
surrounding atmosphere with the film.
Manifacier’s method has been applied to determine the refractive index and
the extinction coefficient as a function of wavelength for the InOx film with thickness
700 nm, in its as-deposited state and after annealing between 150 and 250 °C. This
method is a rather straightforward method for extracting the optical constants, n( λ ) ,
k ( λ ) , of transparent films from transmission measurements. However, the accuracy

in calculating n and k by this method is a critical function of the definition of the
maxima and minima. It is also important for this method that the films are sufficiently
thick so that the interference peaks in the transmission spectrum are closely spaced,
resulting in a more precise definition of Tmax and Tmin . Manifacier et al. [112] applied
this method to SnO2 films prepared by the spray and thermal evaporation techniques
having a thickness of about 900 nm and 2000 nm, respectively, and determined a
relative error in n of the order of ∆n n = 2-5%. In the present work, this method has
been applied to an InOx film with thickness 700 nm. Therefore, it is likely that the
error involved in the calculation of the absolute values of n and k exceeds the value
of 5%, resulting from the corresponding error in the definition of maxima and
minima. However, the importance of Manifacier’s method rests upon the fact that it
provides a simple way to establish the variation of the optical constants with
wavelength. From this point of view, a slight decrease (from 1.97 to 1.88) of the
refractive index with wavelength in the visible region has been observed for the InOx
film with a thickness of 700 nm. This very small variation of the refractive index with
wavelength, especially when taking into account the error involved from the
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definition of the maxima and minima, allows for determining an average value of
refractive index in the visible light region, using a graphical procedure as above.
Indeed, in the literature the refractive index of indium oxide is considered as constant
with wavelength in the visible and near-IR light region. A much larger decrease (from
2.25 to 1.60) in the refractive index with wavelength has been found by Wu et al. [67,
151] applying Manifacier’s method to rf sputtered ITO films with a thickness of about
800 nm. By the use of Manifacier’s method, a clear increase in the value of the
extinction coefficient was observed after annealing the InOx film with thickness 700
nm at 200 °C. This increase can be attributed to oxygen diffusion into the film during
annealing. The extinction coefficient is related to the loss of light in optical films,
which can be caused by two main mechanisms, absorption and scattering. The
absorption effect can be neglected in the InOx film under discussion since it appears
to be highly transparent. Therefore, it can be assumed that scattering is responsible for
the loss of light in the annealed film. When annealing occurs in air, oxygen diffusion
into the film takes place. It is likely that about 200 °C oxygen diffusion becomes
much more efficient. The diffused oxygen occupy interstitial positions in the crystal
structure leading to traps, i.e., new energy levels within the band gap of the material.
These trapping centres may be responsible for the light scattering, resulting in an
increase in the extinction coefficient. This effect can also explain the decrease in the
value of the refractive index observed in the annealed film by applying Manifacier’s
method. It can then be concluded from the above discussion, that Manifacier’s
method is attractive because it can show trends in the optical constants with
wavelength for the different film treatments after deposition. The error in the
definition of maxima and minima, which limits the precision of the method, can be
successfully diminished by applying the method to a sufficiently thick film (about 1
µm) so that the interference peaks will be closely spaced and thus the definition of
maxima and minima to be more precise.

The lattice permitivity

εL of the InOx film with thickness 700 nm was

determined as a function of wavelength from the refractive index values obtained by
the use of Manifacier’s method. The results have been compared with the values
found by Gerfin and Grätzel [175] for sputtered ITO films by the use of UV-visible
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spectroscopic ellipsometry. In this previous work, typical values of

εL were found to

be in the range 3.4−4.0, which are in very good agreement with the values 3.3−3.9
presented here. In earlier works, the value 4.45 corresponding to a refractive index of
n = 2.1 was obtained by Fan and Bachner [55] for rf sputtered ITO films, while the

value 3.8 was found by Vainstein and Fistul’ [9] for indium oxide films prepared by
dc sputtering.
A direct optical band gap E g = 3. 70 ± 0. 05 eV was obtained for the InOx films
in the present work. Usually, polycrystalline indium oxide films exhibit a direct
optical band gap which lies between 3.50 and 3.80 eV as has been reported by several
researchers [7, 11, 38, 151, 163, 176, 177] and which has been shown to increase
with increasing electron concentration due to the Burstein−Moss effect (this effect is
described in the section 2.4.3) [7, 8, 13, 14, 45, 56, 170, 176, 178−186]. This shift of
the energy band gap towards higher energies as the electron density is increased has
also been observed in the case of many other heavily doped oxide semiconductors,
such as SnO2 [187−192] and ZnO [193−196]. A band gap of 3.1 eV has been given by
Weiher [101, 197, 198] for single-crystalline In2O3. Naseem et al. [31] demonstrated
for indium oxide films prepared by thermal reactive evaporation that the optical
energy gap value varied in the range of 3.67 − 3.92 eV, depending on the oxygen
partial pressure during deposition. In the present work, it has been observed that the
value of the optical energy gap of the InOx films was essentially the same for oxygen
contents between F = 0.5 and 1.0 in the sputtering gas.
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4.4 Electrical properties of the InOx films
4.4.1 Resistivity and Hall effect measurements
The InOx films prepared at total pressure of 2 × 10−3 mbar were found to be

conductive in their as-deposited state, whereas the films prepared at total pressure of
8 × 10−3 mbar exhibited conductivities of the order of 10−4 − 10−3 Ω −1cm−1 ,
independently of the oxygen volume fractions in the argon-oxygen plasma used in the
deposition. Resistivity and Hall effect measurements were applied to determine the
carrier concentration, ne , and the mobility, µ, of the as-deposited conductive InOx
films. These measurements were carried out using the Van der Pauw method [199] in
the four-point configuration probe, maintaining a magnetic field of 0.32 T. A voltage
of 4−200 mV could be applied to the samples allowing current measurements in the
range of 0.1µA−20 mA. According to this method, the room temperature Hall
coefficient, RH , is measured and from its sign (positive or negative) the type of
conductivity can be predicted. For InOx films, the Hall coefficient was found to be
negative indicating an n-type conductivity. The electron concentration and mobility
values can be derived directly from the measured values of resistivity and Hall
coefficient as follows:

ne = −

µH =

1
eRH

(4.11)

RH

(4.12)

ρ

In Table 4.10, the results of the electrical measurements are listed for some
representative as-deposited conductive InOx films.
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Table 4.10

Electrical properties of as-deposited InOx

films prepared at total

pressure of 2 × 10−3 mbar
Oxygen fraction in
plasma, F

Thickness
(nm)

Resistivity, ρ
(Ω cm)

Mobility, µ H
(cm2/Vs)

0.14
0.14
0.17
0.17
0.17
0.17
0.17
0.17
0.17

150
150
160
160
170
170
290
290
290

6.15E-04
8.05E-04
6.30E-04
5.90E-04
6.93E-04
8.33E-04
2.20E-03
1.50E-03
2.40E-03

19
25
31
30
12
16
25
21
22

Electron
concentration, ne
(cm-3)
5.20E+20
3.20E+20
3.20E+20
3.90E+20
8.10E+20
4.80E+20
1.10E+20
1.90E+20
1.10E+20

Mean free
electron path
(nm)
3.11
3.48
4.32
4.46
2.28
2.55
2.44
2.46
2.15

From Table 4.10, it can be seen that the InOx films prepared at total pressure
of 2 × 10−3 mbar may be considered as degenerate n-type semiconductors. From the
measured values of electron concentration and Hall mobility presented in Table 4.10,
an estimation of the mean free path of electrons in these films was made using the
equation (2.36), which was specified in the section 2.2.4:

 h   3n 
l =   e 
 2e   π 

1/ 3

µ

The values obtained are included in Table 4.10. These values are much smaller than
the average grain size of the films. Therefore, scattering due to the grain boundaries
may not be considered as the dominant scattering mechanism in the these films.
In addition to the transparent conductive InOx films, transparent conductive
ITO films have been produced to compare their electrical properties with those of the
InOx films. The ITO films were fabricated by rf sputtering from an ITO target (90%
In2O3−10% SnO2,) in an argon pressure of 10 mTorr, without introducing oxygen into
the plasma. The rf power (13.56 MHz) used, 200, 300 and 400 W, was introduced
through an rf power supply with an automatic matching network which could be
tuned for minimum reflected power. All depositions occured at room temperature.
The as-deposited conductive films were subjected to heat treatment at temperatures of
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200 and 400 °C using the Rapid Thermal Annealing System. Table 4.11 shows the
results of the Hall effect measurements carried out on the as-deposited and annealed
ITO films.

Table 4.11 Electrical properties of as-deposited and annealed ITO films

Sample
No.

Sputtering
power
(W)

Thickness
(nm)

Annealing
temperature
(°C)

Resistivity, ρ
(Ω cm)

643c
643c
643c
644a
644a
644a
644b
644b
644b
645a
645a
645a
646a
646a
646a
646b
646b
646b
647
647
647
641b
641b
641b
641c
641c
641c
642a
642a
642a
642b
642b
642b

200
200
200
200
200
200
200
200
200
300
300
300
300
300
300
300
300
300
300
300
300
400
400
400
400
400
400
400
400
400
400
400
400

180
180
180
220
220
220
350
350
350
140
140
140
200
200
200
280
280
280
440
440
440
160
160
160
320
320
320
520
520
520
660
660
660

RT
200
400
RT
200
400
RT
200
400
RT
200
400
RT
200
400
RT
200
400
RT
200
400
RT
200
400
RT
200
400
RT
200
400
RT
200
400

4.93E-03
3.01E-03
5.22E-04
4.31E-03
2.16E-03
4.84E-04
5.50E-03
2.10E-03
4.55E-04
4.24E-03
1.90E-03
5.18E-04
2.22E-03
7.40E-04
2.40E-04
3.89E-03
1.20E-03
5.32E-04
7.83E-03
1.98E-03
6.60E-04
1.87E-03
1.82E-03
3.04E-04
2.18E-03
1.31E-03
3.52E-04
2.91E-03
1.35E-03
5.72E-04
2.90E-03
1.19E-03
4.62E-04
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Electron
Mobility, µ H
2
concentration, ne
(cm /Vs)
(cm-3)
11
1.11E+20
10
2.00E+20
7
1.72E+21
5
2.77E+20
8
3.59E+20
6
2.00E+21
4
2.60E+20
9
3.43E+20
10
1.29E+21
8
1.64E+20
7
4.07E+20
14
8.57E+20
3
9.50E+20
7
1.10E+21
5
6.50E+21
4
3.93E+20
8
6.43E+20
11
1.68E+21
3
2.73E+20
8
4.09E+20
7
1.39E+21
8
3.00E+20
8
4.56E+20
7
3.25E+21
7
3.75E+20
9
5.63E+20
10
1.72E+21
6
3.65E+20
10
4.62E+20
8
1.35E+21
5
4.39E+20
8
6.67E+20
7
1.97E+21

As seen from Table 4.11, the as-deposited ITO films exhibited smaller mobilities than
the InOx films. Annealing of the films resulted in an improvement of their electrical
properties, i.e. increase in their electron concentration as well as their conductivity.
However, it seems that the mobility was not affected by the heat treatment.

4.4.2 Photoreduction and oxidation

The InOx films prepared at total pressure of 8 × 10−3 mbar were found to have
conductivities of the order of 10−4 − 10−3 Ω −1cm−1 at the as-deposited state. Table 4.12
shows the room temperature conductivity values for some of these films deposited
with various oxygen volume fractions in the argon-oxygen plasma, F = 0.5 − 1.0. All
the films exhibited a similar microcrystalline structure as revealed by x-ray diffraction
analysis.

Table 4.12 Room temperature conductivity of as-deposited InOx films prepared at

total pressure of 8 × 10−3 mbar

Oxygen fraction in
plasma, F

Thickness
(nm)

Applied voltage
(V)

0.5
0.6
0.7
0.8
1.0

240
160
180
190
160

1
1
1
1
1

Measured current
(A)
1.04E-08
3.32E-08
1.47E-08
3.06E-08
9.72E-08

Conductivity
(Ω-1 cm-1)
3.08E-04
2.03E-03
8.17E-04
1.23E-03
5.63E-03

These InOx films appeared to be extremely sensitive under exposure to
ultraviolet (UV) light (hν ≥ 3.5 eV) in vacuum. The photoreduction and oxidation
procedure showed a change in the conductivity of about six orders of magnitude for
all of the films [149]. The apparatus used for the photoreduction and oxidation
experiments has been described in the section 3.4. Figure 4.14 shows very clearly this
large change of conductivity for four films with thickness of 240, 160, 180 and 210
nm, deposited with F = 0.5, 0.6, 0.7 and 1.0, respectively.

- 147 -

Fig. 4.14 (continued)
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Fig. 4.14 Photoreduction and oxidation of 240, 160, 180 and 210 nm thick as-

deposited microcrystalline InOx

films produced in a plasma having an oxygen

fraction of (a) F = 0.5, (b) F = 0.6, (c) F = 0.7 and (d) F = 1.0, respectively.
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In Fig. 4.14, the conductivity of the films increased up to a saturation value by direct
exposure to UV light. This is a UV-light-induced change in dark conductivity because
the conductivity values remained constant when the UV light was turned off.
Following the UV exposure, the same films were exposed to an oxidizing atmosphere
by introducing 600 Torr of oxygen into the chamber. Under this exposure, the films
were effectively reoxidized and reverted to the initial conductivity state. The
processes of photoreduction and oxidation are fully reversible. The photoreduction
and oxidation cycles were repeated many times and the conductivity regained the high
saturation values of the same level, as seen in Fig. 4.14.
Figure 4.15 shows the photoreduction and oxidation of a 380 nm thick film
deposited at F = 0.5. It is obvious from Fig. 4.15 that even for a 380 nm thick film the
change in conductivity is still six orders of magnitude and the time that the film needs
to become reoxidized is comparable to that of the thinner films.

Fig. 4.15 Photoreduction and oxidation of 380 nm thick as-deposited microcrystalline

InOx film deposited with an oxygen fraction F = 0.5.
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The photoreduction and oxidation procedures were repeated for all of the asdeposited microcrystalline films after annealing for 1 h at 200, 250 and 300 °C in air.
Figure 4.16 shows the change of the conductivity for three of the films of Fig. 4.14,
deposited with F = 0.5, 0.6 and 0.7, after annealing at 300 °C in air. The maximum
conductivity is somewhat larger while the change of conductivity is less than the
change in the unannealed films, but it still spans about three orders of magnitude.

Fig. 4.16 (continued)
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Fig. 4.16 Repeated photoreduction and oxidation of the same microcrystalline InOx

films as in Fig. 4.13 after annealing at 300 ° C in air: (a) F = 0.5, (b) F = 0.6 and
(c) F = 0.7.

The photoreduction and oxidation experiments presented here show that the
microcrystalline InOx films being insulating at their as-deposited state can easily
become very conductive by direct exposure to UV light. However, comparing the
maximum conductivity values of these films, obtained after UV-induced-reduction of
the films, with the conductivity values presented at the Table 4.9 for the as-deposited
conductive films, it can be seen that the former never became quite as conductive as
the latter. It is unlikely that all the oxygen liberated by photoreduction is able to leave
the film even when it is open to vacuum. Such a remaining oxygen may partially
oxidize the film at higher temperatures. This was tested through the following
experiment, the results of which are shown in Fig. 4.17. First the film became
conductive by exposure to UV light in vacuum and subsequently, after turning off the
UV light, the film was heated in vacuum inside the chamber up to 200 °C and cooled
back to room temperature. As shown in Fig. 4.17, heating the film in vacuum
promotes oxidation and the conductivity decreased by about a factor 10. This
experiment shows that annealing of the film in vacuum stabilized its conductivity.
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The original high conductivity state was restored by photoreduction. In Fig. 4.17,
three cycles of photoreduction and subsequent heating of the film in vacuum are
shown.

Fig. 4.17 Photoreduction and heating cycles of a microcrystalline InOx in vacuum.

4.4.3 Discussion

The InOx films prepared at total pressure of 2 × 10−3 mbar were found to be
conductive in their as-deposited state, whereas the films produced at total pressure of
8 × 10−3 exhibited conductivities of the order of 10−3 − 10−4 Ω −1cm−1 in their asdeposited state. Room temperature Hall effect measurements carried out on the asdeposited conductive InOx films showed that the films had a carrier concentration as
high as 1020 cm−3 and

mobilities in the range 12−31 cm2 V −1s−1 . The high

conductivity in indium oxide films is due to deviation from stoichiometry. Since
indium oxide is an n-type semiconductor, oxygen vacancies are expected to act as
donors in pure In2O3, as has been discussed in detail in chapter 2.3. The as-deposited
ITO films produced by the rf sputtering technique exhibited carrier concentrations
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similar with those of the InOx films but smaller mobilities, 3−11 cm2 V −1s−1 , as
revealed by room temperature Hall effect measurements. This indicates a smaller
grain size in the ITO films compared to that of the InOx films. Since in both cases the
substrate temperature during deposition was kept at room temperature, this probably
results from the fact that the growth of the ITO films occured using an oxide target
without introducing oxygen in the plasma. The fact that the mobility values are
essentially the same for films with different thickness shows that it is not likely
surface irregularities to be an important source of electron scattering in these films.
The electrical properties of the films did not depend critically on the sputtering power.
However, it has been observed that the films deposited with 400 W exhibited
somehow lower resistivities compared to those produced with

lower sputtering

powers, 200 and 300 W. This can be attributed to a higher deposition rate at 400 W,
due to a higher rf power delivered to the target. It is likely that at higher deposition
rates oxygen is removed from the forming oxide on the substrate due to preferential
resputtering and consequently the deposited films contain more oxygen vacancies
resulting in a lower resistivity. Annealing of the films in a reduced atmosphere caused
an increase in the electron concentration, and in turn, an increase in their
conductivity, however, the mobility remained approximately constant. This increase
can be explained only by diffusion of oxygen from the interior of the film to the
surface and desorption from the surface, thus increasing the density of charged
oxygen vacancies in the film. However, the defect mechanism related to the
conductivity changes in ITO films is more complicated compared to that in InOx films
due to the incorporation of tin in the In2O3 lattice. Extensive analysis of the measured
carrier concentration as a function of the oxidation state and the tin concentration
carried out by Frank and Köstlin [200] on ITO films prepared by the spray pyrolysis
technique has led to a model which includes the formation of the following lattice
defects: (a) the Sn atoms enter substitutionally in the cation sublattice of In2O3.
Therefore, Sn4+ ions replace In3+ ions acting as singly charged donors. This means
that each Sn atom contributes one electron to the conductivity. An incorporation of Sn
as Sn2+ has also been reported by some researchers [55, 200, 201]. (b) An ionizable

( Sn O ′′)
⋅

i

complex involving an O2- ion on interstitial site, loosely bound to two Sn4+

ions which are not on nearest neighbour In3+ positions. This interstitial defect, under
reduction conditions, acts as doubly charged donor giving two free electrons. (c) A
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non-ionizable ( Sn2 O4 ) complex composed of two nearest neighbour Sn4+ ions which
x

are strongly bound to three nearest neighbour O2- ions on regular anion sites and one
additional O2- ion on an empty nearest neighbour site of the In2O3 structure. This is a
neutral defect. (d) A

( ( Sn O ′′)( Sn O ) )
x

⋅

i

2

4

associate composed by the two above

mentioned complexes, containing loosely as well as strongly bound excess oxygen.
(e) Oxygen vacancies, VO⋅ and VO⋅⋅ , in the regular anion sublattice which act as singly

or doubly charged donors, giving one or two free electrons, respectively. It should be
pointed out that the values of the electrical properties of the ITO films produced in the
present work are in very good agreement with results previously reported [14, 56, 65,
153, 184, 203] for ITO films fabricated under similar conditions, which is without
introducing oxygen in the deposition plasma and with the substrate temperature kept
at room temperature.
Mobility values reported in the literature for polycrystalline indium oxide
films differ considerably. This may be due to the differences in preparation, substrate
temperature and in the oxidation state of the films which is often difficult to be
exactly specified. The highest reported mobility, µ = 160 cm2 V −1s−1 , was measured by
Weiher [101] for In2O3 single crystals with a carrier concentration of ne ≅ 1018 cm-3.
Using Drude’s theory, it has been shown [204] that applications as transparent
conductive coatings require, in terms of carrier concentration ne and mobility µ,
firstly a low value of n e µ and secondly, a low value of 1 (n e ⋅ µ ) . Both of these
requirements imply that indium oxide films with high carrier mobilities are desirable,
when using as transparent conductive coatings in optical devices. The highest
reported mobility, µ = 93 cm2 V −1s−1 , in the literature for polycrystalline indium
oxide films has been obtained by Naseem et al. [31] for high quality films with

ρ = 4.8 × 10 −4 Ωcm and ne = 1.5 × 1020 cm−3 prepared by reactive thermal evaporation
at a substrate temperature of 200 °C. A high mobility, 89.7 cm2 V −1s−1 , has also been
reported by Siefert [46] for undoped polycrystalline indium oxide films with

ρ = 17
. × 10 −3 Ωcm

and ne = 4. 2 × 1019 cm−3 prepared by the spray pyrolysis

technique at a substrate temperature of 350 °C and subsequent annealing at about 440

°C in a reduced atmosphere of CO−CO2, whereas for indium oxide films doped with
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5.5% and 7.6% Sn, mobility values of 33.0 and 30.0 cm2 V −1s−1 were obtained,
respectively, corresponding to ρ = 2.0 × 10 −4 Ωcm, ne = 9.5 × 1020 cm−3 and

ρ = 18
. × 10 −4 Ωcm, ne = 1. 2 × 1021 cm−3 , respectively. It is seen from these results
that the presence of Sn in the In2O3 host lattice enhanced the electron concentration
and conductivity of the films by introducing additional ionized imperfections which
produce free electrons. However, the increase in the density of the ionized impurities
leads to supplementary electron scattering, resulting in a decrease in the mobility. A
high mobility value, µ = 74 cm2 V −1s−1 , has been also obtained by Pan and Ma [166]
for polycrystalline indium oxide films with ρ = 2 × 10 −4 Ωcm and ne = 4. 7 × 1020
cm−3 prepared by reactive thermal evaporation at substrate temperatures 320 − 350

°C. By the same deposition technique, Mizuhashi [182] produced indium oxide films
with similar electrical properties, µ = 72 cm2 V −1s−1 , ρ = 4 × 10 −4 Ωcm and
ne = 4 × 1020 cm−3 , at a substrate temperature of 400 °C, whereas indium oxide films
doped with 5 % Sn being deposited with the same substrate temperature exhibited a
mobility µ = 30.0 cm2 V −1s−1 corresponding to ρ = 2.0 × 10 −4 Ωcm, ne = 1. 0 × 1021
cm−3 . These results are also in good agreement with Siefert’s results presented above
for indium oxide films prepared by spray pyrolysis. The Hall mobility of
polycrystalline indium oxide and ITO films is mainly explained in terms of two
scattering mechanisms: scattering due to ionized impurities and grain boundary
scattering. Therefore, these improved Hall mobility values reported in the literature
may be attributed to the inherence of a large grain size in these films. According to
Berger’s model [97], which is an expansion of Petritz’s model (this model has been
extensively described in the sections 2.2.1−2.2.4) of transport mechanism in
polycrystalline semiconducting films, the resistivity is directly dependent on the grain
size of the film and can be expressed as:
l 
 l1 

ρ = ρ1 +  2  ρ 2

(4.13)
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where l1 represents the grain size, l2 the grain boundary width, ρ1 the resistivity in
the bulk of the grains and ρ 2 the resistivity in the grain boundary. Combining the
equations (4.12) and (4.13), the Hall mobility can be written as:

µH =

R H1

(4.14)

l 
ρ1 +  2  ρ1
 l1 

where R H1 is the Hall coefficient in the bulk of the grains. The resistivity is given by:

ρ=

1
e ⋅ ne ⋅ µ

(4.15)

From the equation (4.14) it is clear that if l1 , the grain size, is larger then the Hall
mobility increases. Therefore, a higher mobility decreases the resistivity. So, the high
electron mobility is largely responsible for the low resistivity in these films. The
tendency of indium oxide films prepared at high substrate temperatures to have high
mobility values can be explained by the fact that deposition temperature is linked with
the growth of the grains. High substrate temperature offers higher energy for reaction
of the available In bonds with oxygen, so deposition at high temperatures leads to
formation of larger grains. Noguchi and Sakata [23] have observed an increase in
mobility from 26 to 59 cm2 V −1s−1 with increasing substrate temperature from 200 to
400 °C in their thermal evaporated indium oxide films in a reactive atmosphere. For
instance, they obtained an indium oxide film with ρ = 2.7 × 10 −3 Ωcm, ne = 4.1 × 1020
cm−3 and µ = 56 cm2 V −1s−1 at a substrate temperature of 390 °C. However, the
electron concentration decreased from 1. 3 × 1020 to 3. 7 × 1019 cm−3 with increasing
substrate temperature. As a result, the resistivity increased as a function of
temperature. The decrease in electron concentration might be due to oxidation of the
deposited In and /or InOx , since higher substrate temperatures give the required free
energy for reaction and hence accelerate the oxidation. By the same deposition
technique, Thilakan et al. [155] produced indium oxide films at substrate
temperatures ranging from 175 to 275 °C and observed a decrease in the mobility

- 157 -

from 70.3 to 15.7 cm2 V −1s−1 with increasing temperature, while the electron
concentration increased from 2. 6 × 1019 to 1. 4 × 1020 cm−3 . As a result, the resistivity
decreased from 6. 3 × 10−2 to 2.8 × 10−3 Ωcm with increasing substrate temperature.
These results are inconsistent with those obtained by Nogushi and Sakata [23]. The
increase in the electron concentration in this case is due to the increase in the number
of oxygen vacancies with the rise in substrate temperature. It is likely that the
increased thermal activity due to substrate temperature encourages the occupation of
random sites from oxygen in the In2O3 host lattice during the formation of the film,
introducing defects, such as oxygen vacancies, in the deposited film. The above
results reveal that the substrate temperature not only influences the oxidation but also
plays a major role in the site location of the adsorbed oxygen atoms. The decrease in
the mobility with increasing temperature in this case results from scattering due to the
additional ionized impurities. The ITO films produced by Thilakan et al. [155] at a
substrate temperature of 250 °C exhibited a higher electron concentration as well as a
lower resistivity, ne = 5. 9 × 1020 cm−3 and ρ = 7.5 × 10 −4 Ω cm, respectively,
compared to the indium oxide films, due to the reduced role of Sn. As a result, the
mobility of the films was smaller, µ = 14 cm2 V −1s−1 . An increase in the electron
concentration with increasing substrate temperature has also been reported by Ray et
al. [14] for ITO films prepared by the rf magnetron sputtering technique. It was
observed that by increasing the substrate temperature from 50 to 370 °C the electron
concentration increased from 4. 4 × 1020 to 2. 7 × 1021 cm−3 resulting in a decrease in
the resistivity from 4. 9 × 10−4 to 6. 8 × 10−5 Ω cm. However, the Hall mobility of these
films did not vary appreciably, 29−36 cm2 V −1s−1 , by increasing the substrate
temperature. This may be because two counteracting mechanisms determine the
mobility in this case: the larger grain size which tends to increase the mobility by
reducing scattering at the grain boundaries and, on the other hand, the increase in the
density of ionized impurities which leads to additional scattering. Higushi et al. [160]
have produced ITO films with the dc magnetron sputtering technique at substrate
temperature ranging from 25 to 250 °C and observed an increase in the mobility from
20 to 40 cm2 V −1s−1 , which led to a decrease in the resistivity from 5.5 × 10−4 to
1.5 × 10−4 Ω cm. The electron concentration remained approximately constant (about
9. 5 × 1020 cm−3 ) with the substrate temperature. In this case, the increase of Hall
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mobility with increasing temperature can be explained by a larger grain size.
Ovadyahu et al. [27] have produced indium oxide and ITO films with mobilitilies
60−90 cm2 V −1s−1 corresponding to ρ = (8 − 16) × 10 −4 Ω cm, n e = (0.5 − 11
. ) × 10 20
cm−3

and 45−70 cm2 V −1s−1 corresponding to

ρ = (15
. − 10) × 10 −4

Ω cm,

n e = ( 2 − 6) × 10 20 cm−3 , respectively, by thermal evaporation from an electron gun
at a substrate temperature of about 150 °C. It is believed that e-beam evaporation is a
very efficient deposition technique to obtain high quality indium oxide films at low
substrate temperatures. The high quality of the films is attributed to the inclusion of
metallic indium in the process, which is related to the quantitative ratio O/In in the
grown film resulting in a non-stoichiometric indium oxide. When indium oxide is
deposited by reactive thermal evaporation, the vacuum species observed are InO2, In
and O2. However, when indium oxide is evaporated from an e-gun, the vacuum
species observed contain more In than InO2 [205]. Therefore, an e-gun evaporation
has proved to offer advantages over the conventional evaporation technique for the
production of indium oxide films for applications as transparent conductive coatings.
However, low mobility values have also been reported in the literature for
polycrystalline indium oxide and ITO films. Thermal evaporated indium oxide films
prepared by Ito et al. [30] exhibited ρ = 2.1 × 10 −3 Ωcm, ne = 3 × 1020 cm−3 and

µ = 10 cm2 V −1s−1 after annealing at temperatures 300 °C. The small mobility in this
case is attributed to a small grain size. The films having a thickness of 70−150 nm
were found to be amorphous in their as-deposited state, whereas after annealing at
250 °C, an amorphous to crystalline transformation occured, as indicated by the
emergence of the (222) and (400) peaks of In2O3 from the diffuse background in the
x-ray diffraction pattern. ITO films prepared by Meng and dos Santos [64] using the
rf magnetron sputtering deposition technique were found to have a very low mobility,

µ = 12
. cm2 V −1s−1 , in their as-deposited state, while after annealing of the films at
500 °C in air for 60 min the mobility increased up to 17.4 cm2 V −1s−1 . However,
further annealing of the films for 180 min at the same temperature decreased the
mobility to the value of 3.5 cm2 V −1s−1 . The electron concentration, ne = 2. 6 × 1020
cm−3 , did not change with annealing time, whereas the resistivity first decreased from
1. 3 × 10−1 to 1. 4 × 10−3 Ωcm with annealing at 500 °C for 60 min and after increased
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gradually up to 6. 9 × 10−3 Ωcm with further annealing for 180 min. It is clear in this
case that the variation of the mobility with annealing is related to a structure change
of the films. The very low mobility value of the films in their as-deposited state is an
indication of a very small grain size, which means that scattering at the grain
boundaries is the dominant scattering mechanism in these films. It has been observed
that the peak intensity ratio of (222) to (400) had the maximum value for films
annealed at 500 °C for 60 min., which, on the other hand, exhibited the higher Hall
mobility. This may suggest that the possibility of scattering of the free electrons by
grains oriented to the [400] axis is larger than that by grains oriented to the [222]
axis. From the above discussion, it can be considered that polycrystalline transparent
conductive indium oxide films prepared at low substrate temperatures usually have
low mobility values 10−20 cm2 V −1s−1 , while films prepared under optimised
conditions tend to have mobility values 30−90 cm2 V −1s−1 at carrier concentrations of
about 1021 cm−3 .
The mean free electron path in the InOx films prepared in the present work
was estimated using a highly degenerate electron gas model, and values between 2.15
nm and 4.46 nm were obtained. These values are much smaller compared to the grain
size of an average value of 20.6 nm in these films. Therefore, scattering at the grain
boundaries is not likely to be the dominant scattering mechanism in these films. The
mobility is rather determined by ionized impurity scattering as well as by carriercarrier scattering since the electron concentration is considerably high. The mean free
electron path has also been determined by other researchers using the same model for
polycrystalline indium oxide films prepared by different deposition techniques.
Noguchi and Sakata [23] have obtained a value of l = 3. 9 nm corresponding to
ne = 4.1 × 1019 cm−3 and µ = 56 cm2 V −1s−1 for an indium oxide film prepared by
reactive evaporation at a substrate temperature of 390 °C. This mean free electron
path was considerably shorter than the grain size of the film which was observed to be
about 100 nm. Therefore, scattering due to grain boundaries was not considered in
this case. Tahar et al.[54] have calculated a value of l = 9 nm, corresponding to
ne = 3 × 1019 cm−3 and µ = 50 cm2 V −1s−1 , for a film prepared with the sol-gel method
at a temperature of 700 °C. This value is very small compared to the crystallite size, D
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= 37 nm, determined by x-ray diffraction analysis. Thus, the scattering at grain
boundaries seems to not be important either in this case. The mean free electron path
in ITO films prepared by Hoffmann et al. [57] at room temperature using the rf
sputtering technique ranged between 1.5 and 2.1 nm for films with ne = 3 × 1020 cm−3
and µ = (11 − 15) cm2 V −1s−1 , whereas for films with lower conductivity, ne = 2 × 1019
cm−3

and µ = (6 − 9) cm2 V −1s−1 , varied between 0.3 and 0.6 nm. Since the

conductivity of ITO films comes from the excess electrons of the Sn dopants in the
In2O3 matrix, scattering at charged centres (the Sn ions in the In2O3 matrix) will be
one of the dominant scattering mechanism at electron concentrations ne > 1020 cm−3 .
This was evidenced by the fact that mobility decreased with increasing electron
concentration at densities ne > 1020 cm−3 , however, for values ne < 1020 cm−3 , no clear
correlation between electron concentration and mobility could be observed. In the
latter case, electron scattering seems to be determined by other processes, i.e. neutral
impurities, lattice distortions, etc. A maximum value of l = 2. 9 nm was calculated by
Banerjee et al. [206] for ITO films prepared by electron beam evaporation at substrate
temperatures between 250 and 340 °C. From the estimated grain size, which varied
from 40 to 70 nm with increasing substrate temperature, the effect of grain boundary
scattering may be neglected in these films. However, when the dimensions of the
crystallites are small (mean crystallite size less than about 10 nm) the scattering at
grain boundaries must be taken into account, especially in the case of the nondegenerate regions of electron concentration. Such a scattering mechanism was found
in indium oxide films by Müller [7] and Korzo and Chernyaev [44]. In this case, the
mobility measured by Hall effect will be determined by the normal bulk scattering
mechanisms as well as the effect of the grain boundaries. Therefore, the measured
mobility appears to be smaller than the “real” mobility in the bulk of the grains. This
effect has been discussed in detail in the section 2.2.4. Scattering at grain boundaries
has also been observed by Gessert et al. [207] in ITO films prepared by ion-beam
sputtering at room temperature. A calculation using ne = 2 × 1020 cm−3 and µ = 25
cm2 V −1s−1 gave a mean free electron path in these films of about 3 nm. Since the grain
size was less than 10 nm, as estimated from transmission electron microscopy, it is
reasonable to conclude that grain boundary scattering played a significant role in
limiting the mobility in these films.
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The as-deposited InOx films with a conductivity of the order of 10−4 − 10−3
Ω −1cm−1 were extremely sensitive to UV irradiation. Their conductivity increased by
about six orders of magnitude, up to the order of 101 − 102 Ω −1cm−1 , by direct
exposure to UV light in vacuum, whereas by subsequent exposure of the same films
to ozone they reverted to the initial state of conductivity. These large reversible
conductivity changes produced by UV photoreduction and oxidation have been
observed for the first time by Fritzsche et al. [73−76] in amorphous InOx films with a
thickness less than 80 nm. The photoreduction and oxidation experiments carried out
in the present work have shown that the effect is not limited to amorphous InOx but it
is equally observed in microcrystalline InOx films of larger thickness (well above 80
nm) [149]. The observations do not depend critically on the preparation conditions.
All the films produced with oxygen contents between

F = 0.4 and 1.0 in the

sputtering gas exhibited essentially the same results under the photoreduction and
oxidation procedures. The

conductivity states produced in this manner can be

maintained and their properties studied. This is a very important property for a
semiconducting material, since until now, the only way that one could change the
electrical properties in a given semiconductor from highly resistive to metallic
behaviour was by selective doping either during the growth or afterwards. However, a
large disadvantage of the doping process is that it demands many separate samples to
be studied in order to achieve different properties due to the fact that the doping
elements are incorporated permanently in the material. In the case of indium oxide
films, one can make these studies in one and the same film.
The mechanism responsible for these conductivity changes in InOx films is
estimated to be the UV-induced production of oxygen vacancies, which leads to the
formation of complimentary free electrons. The mechanism of the formation of
oxygen vacancies in binary oxides, M a Ob , has been discussed in detail in the sections
2.3.1−2.3.4. An oxygen vacancy is formed when an oxygen atom in a normal lattice
site is removed, which is usually equivalent to the transformation of an oxygen atom
in a normal site to the gaseous state. In this process, the two electrons of the oxygen
ion are left in the vacant site. If both of these two electrons are localized at the
vacancy, charge neutrality is preserved and the vacancy has zero effective charge. If
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one or both of the localized electrons are excited and transferred away from the
vacancy, the vacancy is left with an effective positive charge. The charged oxygen
vacancy (singly or doubly ionized) becomes an electron trapping site but in this
process one or two electrons are available for conduction. The formation of doubly
charged oxygen vacancies is described by the defect equation [105]:
OO ↔ VO⋅⋅ + 2e'+ 21 O2 (g)

(4.16)

During the photoreduction treatment, the large increase in the free electron
concentration due to the increase in the number of charged oxygen vacancies results
in a shift of the Fermi level E F inside the conduction band producing an n-type
degenerate

semiconductor. According to the grain boundary conduction model,

which has been described in detail in the sections 2.2.1−2.2.3, in polycrystalline films
conduction occurs from grain to grain disturbed by potential barriers formed at the
surface of the grains. At this high electron density level (degenerate electron gas), the
barrier width becomes very narrow and conduction from grain to grain may occur by
tunnelling. During the oxidation treatment, the incorporation of oxygen leads to
compensation of the charged oxygen vacancies, and hence to a drastic fall in the free
electron concentration. As has been discussed in chapter 2.2, oxygen diffuses into a
polycrystalline film along grain boundaries and, from them, into the grains
themselves. Therefore, not only the bulk effect of oxygen occurs in the grains, but the
oxygen adsorbed at the grain boundaries has an additional effect on the electronic
transport. The bulk effect of diffused oxygen into polycrystalline films is: oxygen
produces a state below the conduction band, which removes one electron from the
conduction band for each oxygen chemisorbed. Since indium oxide is an n-type
semiconductor, the effect of oxygen diffusion is to decrease the dark conductivity. To
the contrary, in a p-type semiconductor, the chemisorption of oxygen contributes
additional holes to the material resulting in an increase in the conductivity. The effect
of oxygen on the grain boundaries is interpreted as a decrease in the mobility, which
can be explained in terms of the grain boundary conduction model. In polycrystalline
films with grain size larger than the mean free electron path, so that scattering inside
the bulk of the grains becomes important, the mobility is expressed by the equation
(2.43):
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µ = µ b ( T )e − Φ

B

KT

where µ b (T ) is the mobility of the bulk material in the grains and Φ B is the barrier
height at the grain boundaries. As long as the adsorbed oxygen is limited to the free
surface of the film, it does not affect the mobility. If time is allowed for this adsorbed
oxygen to diffuse into the grain boundaries, the surface of the grains will be covered
with many adsorbed oxygen ions. The barrier height at the grain boundaries is then
determined by the chemisorbed oxygen. As a result, the conduction from grain to
grain decreases, since the available free electrons for conduction do not have now
sufficient energy to cross the barrier by thermal emission. A close correlation between
the barrier height and the width of the depletion region in the surroundings of the
barrier is given by the equation (2.25):

w=

2ε s ( Φ B − V )
eN D

where w is the depletion layer width, ε s the semiconductor permitivity, ND the
density of ionized imperfections producing majority carriers (i.e. oxygen vacancies)
and V the applied voltage. Adsorption of oxygen decreases ND , increases the barrier
height Φ B , and hence, increases the depletion layer width resulting in a decrease in
the conduction from grain to grain by tunnelling. Therefore, diffusion of oxygen into
the film decreases both the thermal mode and tunnelling mode of barrier transport,
and in turn, the mobility.
It should be noted that the as-deposited conductive InOx films exhibited no
response to the photoreduction and oxidation procedures. It was difficult to remove
their oxygen vacancies even after a long exposure to ozone, perhaps because these
films are less accessible to the diffused oxygen. On the other hand, the as-deposited
films with conductivities of the order of 10−4 − 10−3 Ω −1cm−1 could be oxidized
readily, as has been shown, but never became quite as conductive as the films
produced at lower total pressures 2 × 10−3 mbar. This suggests that the oxygen that
can be removed by UV light is only a limited fraction of the total oxygen content in
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the film. It should also be mentioned that the process of the formation of oxygen
vacancies is related to the bond strength in the oxide. Since in the formation of an
oxygen vacancy, an oxygen atom in a normal site is transferred to the gaseous state,
the chemical bonds of the atom to the neighbouring atoms are broken. Therefore, the
stability in the oxide is expected to change. Electronic structure calculations of In2O3
using a cluster model composed of 163 atoms carried out by Tanaka et al. [208]
showed that the major bonding mechanism of the ideal In2O3 crystal is the In−O
covalent bond. Fig. 4.18 displays the density of states (DOS) obtained for this cluster.
The conduction band is formed by the states of In-5s and In-5p. The O-2s band is
completely bonding. The major part of the O-2p band exhibits also a bonding
contribution, however, there is an interaction (antibonding contribution) between O2p and In-4d orbitals near the top of the valence band. The O−O bond is less
significant than the In−O bond. The In−In interaction is much weaker than the other
two kinds of bonds in the ideal In2O3 crystal. However, this interaction becomes
important in the defective crystals where the higher energy states are partially
occupied by electrons. When a doubly ionized oxygen vacancy is present, a vacancy
level appears within the band gap. This newly appeared level results in a strong
interaction between the In-5s,p and O-2p orbitals, to compensate the loss of the
number of bonds. The latter interaction results in a strong In−In bonding interaction

Fig. 4.18 (a) Density of states vs. molecular orbital energy calculated for the cluster

(In43O120)111- (b) Schematic illustration of the energy-band structure of In2O3. Solid
lines and broken lines denote occupied and unoccupied states, respectively [208]
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between the In-5s,p orbitals. When two extra electrons were put into the cluster to
model the neutral oxygen vacancy, the chemical bonding around the vacancy was
remarkably changed. The occupation of the vacancy level due to the localization of
electrons at the vacancy results in significant weakening of the In−O bond but
reinforcement of the strength of the In−In bond. Therefore, the electronic mechanism
for the stability of the oxygen vacancies in the In2O3 crystal is suggested to be the
formation of the In−In bond around the vacancy.
By annealing the microcrystalline InOx films for 1 h in air between 200 and
300 °C, the maximum conductivity obtained with exposure to UV light increased by
about 50%. It also increased the minimum conductivity by about two orders of
magnitude, showing that the oxidation by ozone is less effective after annealing
treatment. This cannot be attributed simply to a decrease in the oxygen diffusion
constant as a result of annealing, because the rate of decrease of the conductivity with
ozone exposure remains essentially unaffected by annealing. Even though the low
conductivity value is larger by two orders of magnitude, this is a rather subtle effect if
viewed in terms of changes in stoichiometry of the films. The films were subjected to
heat treatment in air after the photoreduction treatment, being therefore in the state of
maximum conductivity at the beginning of the heat treatment. It is expected that
during annealing in air oxygen diffusion occurs into the film along grain boundaries
resulting in a decrease in the mobility. During cooling of the film, the oxygen entering
the grains is not replaced and the mobility partially recover, however, the electron
concentration decreases as a result of oxygen restitution of donor centres. This leads
to a decrease of the conductivity by some degree, but the film may still remain in a
semi-conductive state after cooling. It is likely that the heating and cooling
procedures stabilize the conductivity of the film, i.e. the whole film becomes less
conductive with respect to the state of maximum conductivity but more conductive
compared to the as-deposited state, and therefore less accessible to oxidation by
ozone. Grain growth is not expected to occur in this range of

low annealing

temperatures. As has been reported by several researchers [11, 32, 57, 93] a change in
the structure (i.e. increase in the size of the crystallites) of microcrystalline indium
oxide films is not observed when they are annealed below 400 °C.
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4.5 Holographic recording in InOx films
4.5.1 Holographic recording characteristics of the films
Preliminary experiments of holographic recording were carried out on InOx
films deposited with various oxygen volume fractions in the argon-oxygen plasma, F
= 0.5 −1.0. All the films exhibited a microcrystalline structure as revealed by x-ray
diffraction analysis. The experimental set-up used for holographic recording has been
described in the section 3.5.5. In all holographic recording experiments, the following
dynamic behaviour was observed [53, 209]. Upon illumination with the two UV laser
beams (HeCd laser emitting at 325 nm), the diffraction efficiency of the gratings
being recorded increased and reached a maximum value after a short time of a few
seconds. Subsequently, with the UV beams turned off, a slow decay of the hologram
was observed. A typical holographic grating recording and decay in InOx is shown in
Fig. 4.19.

Fig. 4.19 Typical temporal behaviour of holographic recording in InOx films. Y- axis
values [arbitrary units (AU)] are proportional to the diffraction efficiency
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In the rising part of the recording in Fig. 4.19, all three (recording and probe) beams
were present, whereas the decay was observed in the absence of both recording
beams. The HeNe probe beam was always present to investigate the evolution of the
grating being recorded. It was observed that the probe beam does not affect the
recording characteristics that are solely associated with UV radiation. It should also
be noted that the exposure to UV radiation did not result in coloration or darkening of
the films. This suggests the formation of refractive index holograms, however, the
existence of an absorption component cannot be excluded. The hologram decay does
not follow a simple exponential form. Double exponential decay curves,

η = A1 exp( − t τ 1 ) + A2 exp( − t τ 2 ) , fit well to the decay data (mean error 10−5 ), as
shown in Fig. 4.20. Decay time constants of τ 1 = 6.7 s and τ 2 = 48 s have been
extracted from the fitting process. The decay constants remained practically the same
for all fringe spacing values, Λ, in the range of 0.6−3.0 µm. A maximum diffraction
efficiency of η = 2.5 × 10 −5 was observed for a grating recorded in a 270 nm thick
InOx film.

Fig. 4.20 Decay in the dark of hologram recorded in InOx films. The solid line

represents the double exponential decay fitted to the experimental data
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Figure 4.21 shows a typical holographic recording and decay in an ITO film
prepared by rf sputtering. In this case, decay time constants of τ 1 = 14.5 s and

τ 2 = 138 s have been obtained.

Fig. 4.21 Typical temporal behaviour of holographic recording in ITO films. Y- axis

values [arbitrary units (AU)] are proportional to the diffraction efficiency

Illumination with UV light in air increased the conductivity of InOx films by
two orders of magnitude [209]. Figure 4.22 shows the conductivity change of an InOx
film with a thickness of 270 nm upon illumination with an HeCd laser beam of
intensity I= 2.8 mW/ cm2. The new electrical state of the film was maintained until
the film was exposed to an ozone atmosphere. Holographic recording was observed in
both electrical states (before and after exposure to UV light) of the same film and
both recordings exhibited similar diffraction efficiency values.
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Fig. 4.22 Change of the conductivity of an InOx film under uniform UV laser

illumination of constant intensity

4.5.2 Discussion

Holographic recording of information in In2O3 has been demonstrated for the
first time in microcrystalline InOx films prepared by means of dc magnetron
sputtering. These studies were performed with a large variety of samples. Even
though they were grown during different runs of the sputtering machine (i.e. different
oxygen content in the deposition plasma), they all exhibited identical temporal
characteristics of holographic recording under the same experimental conditions. The
origin of the observed behaviour lies in localized active centres in the material, such
as oxygen vacancies, related to the growth conditions and specific nature of the
material (photorefractive material). These localized centres can be altered by UV
radiation (as has been described in section 3.5.4) and their relaxation to the initial
state, in the absence of the recording radiation, is associated with characteristic time
constants which depend on the specific nature of the active centres. This may also
explain the difference in the observed decay behaviour for gratings recorded in InOx
( τ 1 = 6.7 s and τ 2 = 48 s) and ITO ( τ 1 = 14.5 s and τ 2 = 138 s) films.
Furthermore, the event that the decay time of the recorded gratings was practically the
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same for all values of grating spacings between 0.6 and 3 µm, suggests that the
phenomenon is of a localized nature in contrast to the well known case of nonlocalized photorefractive gratings where the dynamic behaviour depends on the
grating spacing [210].
In order to examine the possibility that the holographic recording may be due
to photoinduced changes in the conductivity of the material upon illumination with
UV light, recording experiments were carried out with samples being at various
conductivity states. For this purpose, the conductivity of one and the same film was
changed upon UV-photoreduction (in vacuum) and oxidation using the pencil type Hg
lamp in the glass chamber served for the photoreduction and oxidation experiments.
Holographic recording was observed in both conducting and insulating states of the
same film, and furthermore, both recordings exhibited similar values of the diffraction
efficiency. This initially implied that spatial modulation of the conductivity is not
responsible for the observed phenomenon. However, recent holographic recording
experiments carried out by the Materials Group/IESL/FORTH [211] with
simultaneous monitoring of the conductivity of the InOx films indicated a direct
relation between conducting state and recording efficiency. The event that the
conductivity level remained constant during recording, whereas the diffraction
efficiency exhibited two different levels (a rapid rise immediately after the
interference of the recording beams which was followed by a slight reduction and a
stabilization state) is an evidence for the existence of two distinct recording processes.
The first one is strongly related to the electrical state of the film and corresponds to
the transition from the insulating to the conducting state, whereas the second one is
related to the inherent characteristics of the film and represents its steady state
dynamics during recording. It was observed that the first, very fast process gradually
disappears by increasing the pre-exposure time and thus the conductivity of the film.
In the absence of UV radiation, both conductivity and diffraction efficiency exhibited
similar decay characteristics.
The above presented experimental results demonstrate the promise of indium
oxide and indium tin oxide thin films as dynamic optical memory materials. ITO films
prepared by reactive rf sputtering have been previously proposed by Andrade and

- 171 -

Moehlecke [212] as excellent optical recording materials. These films appeared to be
highly sensitive to low-power lasers. A permanent change of the optical absorption
was observed in these films upon illumination with a low-power (≤ 25 mW) argon
pulsed laser emitting at λ= 514.5 nm. These changes were attributed to conductivity
changes of the films due to local rearrangement of lattice defects induced by the laser
irradiation. Recently, Chen and Robinson [213] have demonstrated successfully an
ITO semiconductor thin film waveguide for both TE and TM modes.
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4.6 Chemical characterization of the InOx films
4.6.1 Auger electron analysis (AES)

The AES system used for the surface and depth composition analyses of InOx
films has been described in the section 3.2.7. A typical Auger spectrum of a
microcrystalline InOx film is shown in Fig. 4.23 [214].
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Fig. 4.23 Typical Auger spectrum of a microcrystalline InOx film for (a) the asdeposited state and (b) after 8 nm sputtering
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The indium doublet which corresponds to MNN transitions (M4N4,5N4,5,
M5N4,5N4,5) appears at energies of 400 and 406 eV, while the oxygen peak which
corresponds to KLL transitions (KL2,3L2,3) appears at the energy of 511 eV. These
energy values are in good agreement with those reported previously [127] (404, 410
and 510 eV, correspondingly). A small amount of carbon appears at the surface of the
as-deposited films, as seen in Fig. 4.23(a). This carbon layer, which was not thicker
than about 8 nm, was completely removed after about 5 min of sputtering, resulting in
a large increase in the transition intensities of indium and oxygen, as seen in Fig.
4.23(b). Carbon always appears in an Auger spectrum of as-deposited indium oxide
films as a contaminant and comes either from the deposition process or during
handling of the films in air after the deposition. The fact that no noticeable shift was
observed of the Auger intensities of indium or oxygen after carbon was removed
shows that carbon does not form bonds with the oxygen at the surface of the films.

Start

Collect
Spectra

Sputter
Sample
Repeat n times

End
Fig. 4.24 Schematic diagram showing the way in which depth profile data were
collected
Auger depth profiling analysis was carried out on films with thickness from
120 to 1600 nm. All the films exhibited a microcrystalline structure as revealed by xray diffraction analysis. The experimental procedure to collect the profile data is
described in Fig. 4.24. Before removing material from the film a spectrum was
recorded from the surface of the film. Following this, the surface was sputtered by
rastering the argon ion beam over the area of the film to be analysed. After the sputter
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cycle the argon ion beam was blanked and another spectrum was recorded. This
sequence of sputtering and spectra acquisition was repeated until profiling had
reached the interface between film and glass substrate and proceeded into the glass.
An average sputter rate of 2.0 nm/min was experimentally determined.
However, an attempt to calculate the sputter rate using the equation (3.11):

SR =

I ⋅Y ⋅ w
A⋅e⋅d ⋅ N A

(nm/s),

specified in the section 3.2.6., was also made. In this relationship, I is the Ar ion
beam current, Y the sputter yield (i.e. number of atoms removed from the material /
number of incident ions), w the formula weight divided by the number of atoms in the
formula for the case of a compound, d the material density, e the charge on the ion
and NA the Avogadro’s number. The sputter yield was determined by a computer
simulation of the penetration depth of 1 keV Ar ion beam striking the In2O3 surface
at an incidence angle of 50°, using the TRIM program [215]. The values, 1.5 atom
/ion and 2.31 atom /ion, were obtained for In and O, respectively. The density of the
perfect In2O3 crystal can be calculated knowing that the unit cell of In2O3 is cubic
with a0 =1.0118 nm and contains 32 In atoms and 48 O atoms. This gives a density of
7.145 g /cm3. For an Ar ion beam with energy of 1 keV rastered over an area 4 mm ×
4 mm, a current of 30 nA was measured in a spot of 1 mm diameter. The formula
weight (divided by 5) for In2O3 is 55.5 g /mole. Entering these values in the above
equation, a sputter rate of 0.7 nm/min was obtained. The reason for this discrepancy
between the sputter rate experimentally measured and that calculated is that the value
of density used, 7.145 g /cm2, is not the correct, since microcrystalline InOx films
prepared by sputtering are rich in flaws and a lower value of density can therefore be
expected. An error is also involved in the calculation of the value of the sputter yield
for In and O which comes exactly from the fact that the calculation is based on the
density value which is entered as input data in the TRIM program. Even though the
TRIM program is one of the most accurate computer simulations for surface
sputtering, it is difficult to predict the exact value of the sputtering yield which
depends on the chemical nature of the sample, i.e. not only the elements present but
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also their chemical state. It is then preferable to measure the sputter rate under normal
experimental conditions.
The depth profiles were displayed in two ways: (i) the Auger peak-to-peak
signals of indium and oxygen were presented graphically versus sputter depth. This
way of presenting the data allowed the comparison of the trends in indium and
oxygen in the same film. (ii) All of the Auger spectra of indium and oxygen collected
during a depth profile were shown in a montage plot. This way of displaying the data
allowed the establishment of possible variations, both in peak intensity and position.
The depth profiling analysis of the films exhibited an extremely good uniformity for
all the films, regardless of their thickness, all the way to the interface with the glass
substrate [214]. Figure 4.25 shows the Auger sputter profiles for InOx films with
thickness between 120 and 600 nm deposited with F = 0.5. The Auger peak-to-peak
signals of indium and oxygen are plotted versus sputter depth in each case. The data
were normalized with respect to the reflected electron current. Figure 4.26 shows the
corresponding Auger sputter profiles for InOx films with various thickness deposited
with an oxygen content varying from F = 0.4 to 1.0 in the sputtering gas.
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Fig. 4.25 Auger depth profiles of (a) 120 nm, (b) 200 nm, (c) 300 nm, (d) 400 nm,
(e) 500 nm and (f) 600 nm thick microcrystalline InOx films deposited with F = 0.5
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Fig. 4.26 Auger depth profiles of (a) 440 nm, (b) 1200 nm, (c) 900 nm and (d) 1600
nm thick microcrystalline InOx films deposited with F = 0.4, 0.6, 0.8 and 1.0,
respectively.

The sharp decrease of the oxygen peak-to-peak signal in Figs. 4.25 and 4.26 identify
the interface between film and glass substrate. It is obvious from these figures that the
concentrations of indium and oxygen are identical in all of the films and remain stable
throughout the whole thickness of the films. To the best of the author’s knowledge,
this is the first time that such depth profiles have been presented for relatively thick
InOx films. Figures 4.27−4.33 show, in a montage plot, all of the Auger spectra of
indium and oxygen collected during a depth profile from a given analysed area for
some of the examined films. The data were normalized to 1 µA electron current.
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(a)

(b)

Fig. 4.27 Montage plot of the Auger spectra collected during a depth profile of 440
nm thick InOx film deposited with F = 0.4. (a) Indium Auger peaks (b) Oxygen Auger
peaks
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(a)

(b)

Fig 4.28 Montage plot of the Auger spectra collected during a depth profile of 300
nm thick InOx film deposited with F = 0.5. (a) Indium Auger peaks (b) Oxygen Auger
peaks
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(a)

(b)

Fig 4.29 Montage plot of the Auger spectra collected during a depth profile of 400
nm thick InOx film deposited with F = 0.5. (a) Indium Auger peaks (b) Oxygen Auger
peaks
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(a)

(b)

Fig. 4.30 Montage plot of the Auger spectra collected during a depth profile of 600
nm thick InOx film deposited with F = 0.5. (a) Indium Auger peaks (b) Oxygen Auger
peaks
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(a)

(b)

Fig 4.31 Montage plot of the Auger spectra collected during a depth profile of 1200
nm thick InOx film deposited with F = 0.6. (a) Indium Auger peaks (b) Oxygen Auger
peaks
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(a)

(b)

Fig. 4.32 Montage plot of the Auger spectra collected during a depth profile of 900
nm thick InOx film deposited with F = 0.8. (a) Indium Auger peaks (b) Oxygen Auger
peaks
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(a)

(b)

Fig 4.33 Montage plot of the Auger spectra collected during a depth profile of 1600
nm thick InOx film deposited with F = 1.0. (a) Indium Auger peaks (b) Oxygen Auger
peaks

The shift in the oxygen peak energy position at the interface between film and
glass substrate observed in Figs. 4.27−4.33 as well as a change in the oxygen peak
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shape and height, is a clear indication that the bonding configuration of oxygen is
changing at the interface from InOx to SiOx.
Quantitative Auger analysis was carried out to determine the atomic
concentration of indium and oxygen in the InOx films. The method used is based on
the simple calculation of relative sensitivities between the elements of interest, indium
and oxygen, and silver, from the handbook of standard Auger spectra [127]. This
method has been described in the section 3.2.5. According to this method, the relative
sensitivities, S In, Ag and SO, Ag , are given by:

S In, Ag =

I InH
H
K In I Ag

SO, Ag =

and

I OH
H
KO I Ag

(4.17)

H
where I InH , I OH and I Ag
are the peak-to-peak heights in the handbook of Auger spectra

of In, O and Ag, respectively, and K In and KO are the scale factors related to Ag
spectrum which are given on the spectra of In and O in the handbook and have the
values 1 and 2.5, respectively. Therefore, from the equations (4.17) the values 0.915
and 0.481 were calculated for S In, Ag and SO, Ag , respectively. The atomic
concentrations of In and O are then:

CIn =

I In
S In, Ag

∑S
a

Ia

CO =

and

a , Ag

IO
SO, Ag

∑S
a

Ia

(4.18)

a , Ag

where I In and I O are the measured peak-to-peak heights of the largest peaks of In and
O in the Auger spectrum of the InOx film. The sum in the above equations is over
these two peaks. As it has been shown, in all of the films the depth profiles exhibited
a constant ratio of In to O in the oxide bulk independently of thickness. This fact
allowed for using the above method for the calculation of the atomic concentrations of
In and O throughout the whole thickness of the films, i.e. for each newly exposed
surface after a sputter cycle. In Fig. 4.34 the atomic concentrations of In and O is
plotted versus sputter depth for the same InOx films as in Fig. 4.25. Correspondingly,
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Fig. 4.35 gives the atomic concentrations of In and O for the same InOx films as in
Fig. 4.26.
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Fig. 4.34 Atomic concentration of In and O versus sputter depth of (a) 120 nm, (b)

200 nm, (c) 300 nm, (d) 400 nm, (e) 500 nm and (f) 600 nm thick microcrystalline
InOx films deposited with F = 0.5
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Fig. 4.35 Atomic concentration of In and O versus sputter depth of (a) 440 nm, (b)

1200 nm, (c) 900 nm and (d) 1600 nm thick microcrystalline InOx films deposited
with F = 0.4, 0.6, 0.8 and 1.0, respectively
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It is clear from Figs. 4.34 and 4.35 that the atomic concentration is constant
with depth, independently of film thickness and oxygen content in the sputtering gas.
In this case, the composition uniformity observed throughout the whole thickness of
the films allowed for determining an average atomic concentration of In and O in
each film from the calculated values of the atomic concentration in different depths
during a depth profile. This way of presenting the results was convenient for a better
comparison between the various films. Table 4.13 shows the results of the Auger
quantitative analysis for the InOx films examined, together with the thickness of the
films and the oxygen content used during the deposition.

Table 4.13 Average atomic concentrations of In and O in InOx films as determined by

AES quantitative analysis
Oxygen volume
fraction,
F
0.5
0.5
0.5
0.5
0.5
0.5
0.4
0.6
0.8
1.0

Thickness
(nm)

Average at.% In

Average at.% O

Atomic ratio
O/In

120
200
300
400
500
600
440
1200
900
1600

45%
45%
46%
44%
44%
46%
46%
44%
43%
42%

55%
55%
54%
56%
56%
54%
54%
56%
57%
58%

1.2
1.2
1.2
1.3
1.3
1.2
1.2
1.3
1.3
1.4

The atomic ratios of oxygen to metal listed in Table 4.13 should be compared to 1.5
for the stoichiometric In2O3. From Table 4.13 it appears that there is an oxygen
deficiency of about 2-5% in the InOx films compared to stoichiometric In2O3 (60% at.
oxygen and 40% at. indium) [214].
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4.6.2 Energy dispersive x-ray analysis (EDX)
When highly accurate quantitative analysis is desired, standards of known
concentrations should be used to determine the oxygen deficiency in InOx films. It is
believed that the best technique for measuring differences in oxygen content between
InOx films is the energy dispersive x-ray analysis (EDX), in which the sample is
bombarded by an electron beam, causing the emission of characteristic x-rays. This
technique has been applied to examine the average stoichiometry of the as-deposited
InOx films produced with various oxygen contents, F = 0.4−1.0, in the sputtering gas
onto silicon substrates [214].
An EDX system attached to a scanning electron microscope (Philips SEM 535
with an EDAX equipment) was used. The x-ray signal from the film passed through a
very thin polymer (mylar) window into the evacuated chamber containing the Si(Li)
detector. The use of a polymer window instead of the common case of a beryllium
window allows for detection of x-rays from elements with low Z (Z<11), i.e. oxygen
in this case. As standards, indium (III) oxide grade 1 powder (purity of 99.995%)
supplied by the Johnson Matthey Company was employed. The quantitative analysis
was carried out through comparison of the EDX spectra from the InOx films with that
from the standard In2O3 according to the ZAF method, which has been described in
the section 3.2.9. The standard was mounted in the system along with the samples
examined. In this way, both samples and standard were examined under identical
experimental conditions, i.e. acceleration voltage, incident angle, detector settings etc.
For best accuracy, the standard was analysed two times, and the average result was
used for the comparison. Figure 4.36 shows the EDX spectra of the standard and a
microcrystalline InOx film with thickness of 600 nm deposited with F=0.5 onto glass
substrate.
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Fig. 4.36 EDX spectra of (a) the standard In2O3 in the form of fine-grained powder

and (b) 600 nm thick as-deposited microcrystalline InOx film onto glass substrate
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The spectrum in Fig. 4.36 was made with an acceleration voltage of 5.5 kV.
This voltage was carefully chosen to avoid excitation of oxygen in the glass substrate
and to make sure that all the x-ray producing volume would be inside the film [214].
The depth of x-ray production in the film was estimated from the mass range equation
(3.14) specified in the section 3.2.8:

ρ ⋅ R( x ) = 0.064( E 01.68 − E C1.68 )
where ρ is the density of the film in g/cm3, R(x) the depth in µm, E0 the acceleration
voltage in kV and EC the excitation potential of the characteristic x-rays of the
element in question. For oxygen the characteristic x-rays have an energy of 0.525 keV
and for In the characteristic energy is 3.287 keV. The energy should therefore be
>3.287 keV to be able to excite the In in the film. The thickness of the film was
approximately 600 nm, as measured by the Talystep stylus profilometer. The density
of sputtered microcrystalline InOx films is difficult to determine with accuracy, as
discussed in the section 4.6.1. Therefore, the density of the perfect In2O3 crystal,
7.145 g/cm3, was used. Entering the other values in Anderson and Hasler’s equation
for the film gives a maximum energy of 12.25 keV. However, when the experiment
was done it was found that around 8 keV the electron beam still excited Si in the glass
substrate. The conclusion was therefore that the density was lower than the
theoretically predicted, as expected. The acceleration voltage was then set at 5.5 kV,
to be sure that the entire x-ray emitting volume was inside the film. Even though the
compositional analysis of the InOx films was carried out on films deposited onto
silicon substrates, the same low acceleration voltage was used for the spectrum
acquisition to avoid contribution of oxygen from the silicon surface in the case that it
was oxidized. Figure 4.37 shows the EDX spectra of the InOx films examined.
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Fig. 4.37 EDX spectra of (a) 440 nm, (b) 600 nm, (c) 1200 nm, (d) 900 nm and (e)

1600 nm thick microcrystalline InOx films deposited with F = 0.4, 0.5, 0.6, 0.8 and
1.0, respectively, onto silicon substrates

In Table 4.14, the results of the EDX quantitative analysis of the films are
shown. It is seen from Table 4.14, that the as-deposited InOx films seem to consist of
71-72 at. % oxygen, which would be 11-12 at. % more than the stoichiometric
composition [214].

Table 4.14 Average atomic concentrations of In and O in InOx films as determined
by EDX analysis. The standard In2O3 sample used in the analysis was in the form of
fine-grained powder
Oxygen volume
fraction,
F
0.4
0.5
0.6
0.8
1.0

Thickness
(nm)

Average at.% In

Average at.% O

440
600
1200
900
1600

29.0
29.0
28.5
28.1
29.4

71.0
71.0
71.5
71.9
70.6
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This is not in agreement with the results of the compositional Auger analysis
given above. The reason for this discrepancy is clearly that the standard was in the
form of powder with grains in the micron range, while the films have very smooth
surfaces and an average grain size of 20.6 nm, as revealed by x-ray diffraction
analysis in the section 4.2.1. This makes the surface of the powder appear as a very
rough system compared to that of the InOx films. For the indium x-ray signal with an
energy of 3.3 keV this is not so critical, but for the oxygen x-rays with an energy of
only 0.525 keV it becomes a significant disturbance. The oxygen Kα x-rays are
strongly absorbed by the indium atoms, so a surface roughness causes variations in
the path length of x-rays emerging from the sample, resulting in a larger absorption of
the oxygen x-rays. The effect is also confirmed by the fact that the indium signal has
about the same strength in the samples as in the standard, whereas the oxygen signal
is strongly reduced in the standard, as shown in Fig. 4.36. However, the importance of
these measurements rests upon the fact that all the films exhibited the same
stoichiometry independently of the oxygen content used in their deposition. From this
point of view, the results of the EDX analysis are in perfect agreement with those of
the AES analysis.

4.6.3 Discussion

The results presented above constitute a systematic study of the composition
of microcrystalline InOx films prepared by dc magnetron sputtering in various
mixtures of oxygen in argon during the deposition. The quantitative AES and EDX
analyses were carried out on batches of films produced in the same sputtering
deposition runs. It has been shown, with both analyses, that the composition of the
films does not depend critically on the growth conditions, i.e. film thickness and
oxygen content in the sputtering gas. A deviation of 2-5% with respect to the
stoichiometric composition was consistently revealed by the present AES analysis
using the method based on the comparison of the Auger signal from an InOx film with
that from a pure silver target. An atomic ratio of oxygen to indium ranging from 1.2
to 1.4 was obtained. Several methods exist in the literature for the calculation of the
atomic ratio of oxygen to metal, N O N M , in indium oxide films from AES data.

- 202 -

Armstrong et al. [77, 78] have compared the values of the N O N M atomic ratio
obtained by two different methods from the surface of indium oxide. The first method
(method 1) involves the correction of the intensity ratio of oxygen to metal, I O I M ,
for differences in the electron impact ionization cross sections of indium and oxygen,

σ eM and σ eO , respectively:
 I σ e 
NO
=  O   Me 
N M  I M  σ O 

(4.19)

where IM and IO are the measured peak-to-peak heights of In and O in the indium
oxide film examined. The cross sections were obtained from literature values of the
gas phase elements [216]. The second method (method 2) involves the correction of
the intensity ratio of oxygen to metal, I O I M , using that of the standard In2O3 with
known composition:
NO  IO  I M   NO 
=

 

N M  I M   I O  std  N M  std

(4.20)

The atomic ratio N O N M values 2.1 ± 0. 9 and 1. 3 ± 0. 3 were calculated from methods
1 and 2, respectively. The higher atomic ratio obtained by the first method with
respect to 1.5 was likely due to an error in the literature electron impact ionization
cross section values. A comparison between method 1 and method 2 calculations for
the standard material was carried out by rationing the N O N M values given by each
method:

g=

(NO
(NO

N M )2

(4.21)

N M )1

which equivalently gives:

g=

(I M
(N M

I O ) std

(

N O ) std σ eM σ eO

(4.22)

)
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A g factor close to 1.0 can indicate agreement between the predicted and actual cross
section values. A g value of about 0.6 was obtained for the standard In2O3. Therefore,
it was concluded that method 2 can provide compositional calculations of better
accuracy. Jeong et al. [51, 83] have also used method 2 to calculate the atomic ratio
of oxygen to metal, N O N M , from the surface of indium oxide films with thickness of
200 nm prepared by reactive thermal evaporation and reactive ion plating. The ratios
of the thermal evaporated films were in the range of 1.23−1.29, whereas those of the
ion-plated films were in a wider range of 1.21−1.35. These results indicated that more
oxygen can be incorporated in ion-plated films than in the evaporated ones. A
decrease in the oxygen Auger peak after the surface carbon was removed (after about
8 nm sputtering) has been observed by these researchers, both in the evaporated and
the ion-plated films, and in the In2O3 standard. The larger oxygen Auger peak in the
as-received state compared to the sputtered one was estimated to be due to the
adsorbed oxygen on the as-received surface. The oxygen intensity decreased with
sputtering time, and it became almost saturated after about 30 nm sputtering. It should
be noted that such a decrease in the oxygen Auger intensity was not observed in the
InOx films of the present work, and therefore there was not any indication of a
significant amount of oxygen adsorbed on the surface of the films. However, the
existence of the adsorbed oxygen in the as-deposited state of dc and rf sputtered
indium oxide and ITO films has been observed by other researchers by means of xray photoelectron spectroscopy (XPS) [18, 79, 84]. These experiments have shown
that the O 1s peak can be resolved into two separate components: a peak at about 530
eV, which corresponds to the oxygen bonded as In2O3 and a smaller peak at about 532
eV, which is due to oxygen adsorbed at the surface of the films. The latter peak
probably results from the existing hydroxide (OH) groups on the surface of the films
which are caused by interaction with the surface under atmospheric conditions. In the
case of ITO, a third peak appears at about 531 eV related to the oxygen bonded as
SnO2. It is interesting the fact that in the case of SnO2 films the O 1s peak has been
observed to be formed only by the metal-oxide component [78, 217]. It can then be
assumed that the existence of an oxygen enriched layer at the surface of metal oxide
films, as well as its thickness, depends on the film inherent properties due to their
production or the following treatments in air. Golan et al. [81] demonstrated a method
based on the study of the characteristic line shapes of the In MNN Auger transition
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[218−221] to improve the analysis of the AES depth profiling of indium oxide films
prepared by the technique of reactive thermal evaporation. According to this method,
changes in the In line shapes are related to its chemical bonding. The In MNN Auger
transition in In2O3 consists of two peaks, In1 at 396 eV and In2 at 402 eV, with a peak
ratio ( In1 In2 ) of about 0.9 [218]. This ratio increases or decreases for lower or
higher oxidation states, respectively. For elemental In, the two peaks are shifted to
404 and 410 eV, respectively, and their ratio changes to 1.2. Golan et al. [81] applied
this method during a depth profile and observed that the energy positions of the two
In peaks as well as their shapes remained constant in the bulk oxide whereas a change
in both energy positions and line shapes appeared at the interface. That was also
confirmed by the constant value of the In1 In 2 ratio in the bulk oxide, whereas
moving towards the substrate, the In1 In 2 ratio increased up to 1.3 indicating an
interface rich in free In. A calculation of the In1 In 2 peak ratio as a function of depth
for three indium oxide films deposited with different substrate temperatures at the
same oxygen partial pressure of 2 × 10−4 mbar showed that the ratio in the bulk oxide
is temperature independent and constant throughout the whole thickness of the film,
whereas at the interface is extremely sensitive to the deposition temperature. At a low
temperature (60 °C), it increased to a value of about 1.3 which is characteristic of
unoxidized In, at an intermediate temperature (150 °C), it remained at its bulk value
level, while at a higher temperature (370 °C), it decreased to a value of 0.6. The
In1 In 2 peak ratio was also calculated as a function of depth for three indium oxide

films deposited with different oxygen partial pressures at substrate temperature of 250
°C. These experiments showed that the ratio was rather constant with depth but
pressure dependent. At low oxygen pressure (4 × 10 −5 mbar), a high value of about 1.0
was obtained corresponding to an oxidation state just below the stoichiometric In2O3,
whereas at higher oxygen pressure (9 × 10−4 mbar), a value of 0.8 was received
corresponding to an oxidation level just above the stoichiometric In2O3. A plot of the
In1 In 2 ratio at the bulk of the oxide versus oxygen pressure indicated a linear

dependence of the In oxidation state on the ambient pressure. Wu et al. [62] have
deposited ITO films by rf magnetron sputtering at various rf power levels in argon
atmosphere, i.e. without introducing oxygen into the plasma, onto room temperature
substrates and analyzed the composition of the films by AES. The atomic ratios of
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oxygen to indium calculated from the surface of the films ranged from 1.24 to 1.16
with increasing the rf power from 50 to 150 W. However, the method used for the
calculation of the atomic ratios is not reported. The decrease in the atomic ratio with
increasing the sputtering power was attributed to the high energy Ar+ ions knocking
out oxygen atoms from the forming oxide on the substrate during the deposition
process. The oxygen is liberated and pumped off during the deposition process,
resulting in a decrease in the oxygen content in the films. Therefore, Ar+ ion
bombardment of the film may result in reduction due to preferential resputtering of
oxygen and an increase in the sputtering power gives rise to the reduction. This effect
has also been observed, by means of electrical measurements, in the rf sputtered ITO
films in the present work. These films have also been produced without introducing
oxygen into the plasma. The films deposited at a high sputtering power exhibited
somehow lower resistivities compared to those produced with lower sputtering
powers. High-accuracy wavelength dispersive x-ray analysis (WDX) carried out by
Bellingham et al. [107] exhibited an oxygen concentration of O2.92±0.03 for an indium
oxide with thickness of 700 nm produced by ion beam sputtering. The quantitative
Auger analysis carried out in the present work gave an oxygen concentration which
varies from O2.75 to O2.90 for the examined films. An oxygen concentration of O2.82
was obtained by Laser [222] for an indium oxide film prepared by reactive thermal
evaporation, using Auger quantitative analysis with reference to a standard In2O3
sample in powder form. EDX quantitative analysis carried out by Das et al. [38]
exhibited deviations from the stoichiometry up to a maximum of about 10% from one
sample to the other for indium oxide films prepared by thermal evaporation of
metallic indium and subsequent oxidation. From the above discussion, it can be seen
that the deviation of 2−5% from the stoichiometric composition, as revealed by the
present AES analysis, is in good agreement with previously reported results from
AES, EDX and WDX quantitative analyses carried out by other researchers.
However, quantitative analysis obtained by Auger electron spectroscopy is normally
expected to be less accurate than that obtained by EDX or WDX analysis. This is due
to chemical effects on peak shapes which could cause errors when using peak-to-peak
heights to determine atomic concentration, or due to inhomogeneous in-depth
composition. This would not affect the validity of results when the purpose of the
analysis is mostly the comparison between samples, as in the present work. Kostishko
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et al. [223] have deduced the concentrations of indium and oxygen in their indium

oxide films prepared by reactive thermal evaporation using peak areas in N(E) Auger
spectra, instead of the Auger peak-to-peak heights in the measured dN(E)/dE
spectrum. However, the method based on peak-to-peak heights in the differentiated
Auger spectra by referring to the standard differentiated spectra of the Handbook of
Auger Electron Spectroscopy is more accurate, when the examined samples are indepth homogeneous as in the present work. It should also be mentioned that sputter
etching of the film with high energy Ar+ ions may result in reduction due to
preferential sputtering of oxygen. Therefore, Auger quantitative analysis may provide
an oxygen deficiency somewhat higher than the absolute oxygen deficiency in the
film.
The oxygen excess (metal deficiency) of 11−12% with respect to the
stoichiometric composition indicated by the present EDX analysis was attributed to
the roughness of the standard material used, compared to the very smooth surface of
the films. Because of this roughness, which is significant compared to the depth of xray production in the standard, the oxygen signal of the standard appeared strongly
reduced compared to that from the sample. This effect has also been observed by
Bellingham et al. [107] through compositional studies of indium oxide films by
means of wavelength dispersive x-ray analysis (WDX). For this reason, the EDX
analysis was not able to provide the correct stoichiometry in the case of the InOx films
of the present work. However, the accuracy of the method itself is valued here in
terms of providing a very good compositional comparison between the films
examined. All of the films deposited with oxygen contents between F = 0.4 and 1.0 in
the sputtering gas exhibited essentially the same stoichiometry (≈71% O, ≈29% In).
This evidence supports the results obtained from the UV-photoreduction and
oxidation procedures for the film conductivity, which remains unaffected by the
amount of oxygen in the growth plasma. This means that even at an oxygen content of
F = 0.4 there is enough oxygen in the plasma to react with the available In bonds to

transform the material from a metallic into a semiconducting/insulating transparent
state. It has been observed, that below F = 0.2, the films appear to be metallic. The
fact that the film composition remains the same for oxygen concentration F > 0.2
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means that the excess oxygen in the deposition plasma does not contribute to the
structural composition of the film but merely to the sputtering rate.
The Auger depth profiling analysis carried out in the present work showed that
the composition of the films remains constant all the way from the surface down to
the interface with the glass substrate, regardless of the thickness of the films. Even for
films with thickness of 900, 1200 and 1600 nm, the depth profiles are comparable to
those of the thinner films. This shows that the growth process, under the present
deposition conditions, is extremely well controlled to produce films with high
homogeneity at room temperature. The thin carbon layer appearing at the surface of
the as-deposited films seems to not affect the reversible conductivity changes of many
orders of magnitude when the films are exposed to UV light in vacuum and
subsequently reoxidized, as indicated from the photoreduction and oxidation
experiments. It is likely that exposure of the films to UV light the first time causes
carbon removal from the surface. It has been noticed that surface carbon does not
appear in the Auger spectrum of films that have been previously treated under UV
light. Finally, it is worth mentioning that Auger quantitative analysis carried out as
here without referring to standard In2O3 of known composition can provide results
with an accuracy similar to that achieved by the use of other methods, such as EDX
and WDX (which are well recognized as high accuracy techniques for chemical
characterization), if carried out on samples with uniform composition.
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5. GENERAL CONCLUSIONS
In this thesis, InOx films with thickness of 100−1600 nm have been deposited
by the reactive dc magnetron sputtering technique using a 99.999% pure In target
onto room temperature substrates. Two types of films with respect to their electrical
properties have been produced by varying the total sputtering pressure during the
deposition: conductive transparent InOx films with conductivities of the order of 103

Ω −1cm−1 deposited at a total pressure of 2 × 10−3 mbar and transparent InOx films with
conductivities of the order of 10-4−10-3 Ω −1cm−1 deposited at a total pressure of
8 × 10−3 mbar. In the former case, the optimal oxygen volume fraction in the argonoxygen plasma for the deposition of the films was found to be F = 0.14−0.17, whereas
in the latter case, the films exhibited essentially similar properties over a large region
of oxygen content, i.e. F = 0.4−1.0, in the sputtering gas.
The electrical properties of the as-deposited conductive InOx films were
investigated by room temperature Hall effect measurements. The films exhibited a
carrier concentration as high as 1020 cm−3 and

mobilities in the range 12−31

cm2 V −1s−1 , values which are satisfactory for applications in optoelectronic devices.
The obtained values can be further improved by annealing of the films in a reduced
atmosphere. The electrical properties of these films have been compared to those of
ITO films prepared by rf sputtering in terms of the present work. The ITO films
deposited at room temperature exhibited carrier concentrations comparable with those
of the InOx films but lower mobilities, 3−11 cm2 V −1s−1 . The effects of sputtering
power and film thickness on the electrical properties of the ITO films were examined.
It was found that the electrical resistivity and carrier concentration do not depend
critically on the film thickness. The fact that the mobility remains essentially the same
for films with different thickness shows that any surface irregularities are not likely to
be an important source of electron scattering in these films. The films prepared at 200
and 300 W rf power exhibited almost the same electrical resistivity, whereas at 400 W
rf power a lower electrical resistivity was observed. This was attributed to preferential
resputtering of oxygen on the forming oxide during the deposition process resulting in
an increase in the number of oxygen vacancies in the films. Annealing of the films
between 200 and 400 °C in a Rapid Thermal Annealing System caused an increase in
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the electron concentration, and in turn, a decrease in their electrical resistivity,
however, the mobility remained approximately constant. This can be explained only
by diffusion of oxygen from the interior of the films and desorption from the surface,
resulting in an increase of the density of oxygen vacancies in the films.
However, the main interest in the present work was focused to the asdeposited transparent InOx films with conductivities of the order of 10-4−10-3
Ω −1cm−1 , due to the fact that these films can change their conductivities up to the
order of 101−102 Ω −1cm−1 by exposure to ultraviolet light in vacuum. By subsequently
exposing the same films to an ozone atmosphere they reverted to the initial state of
conductivity. It has been shown that UV-photoreduction and oxidation change the
conductivity of one and the same film in a fully controlled and reversible manner. The
mechanism responsible for these large changes in conductivity is estimated to be the
UV-induced production of oxygen vacancies which act as donors giving electrons to
the conduction band. The electrical characteristics of these InOx films open new
dimensions in the already extended use of these transparent semiconductors in
microelectronic devices. The structural, optical and chemical properties of these films
have been investigated systematically in this work and the conclusions are presented
below.
The structure of the films, i.e. the crystallinity and the microstructure, was
examined by x-ray diffraction analysis (XRD) and transmission electron microscopy
(TEM) and electron diffraction. All of the films with thickness above 120 nm
exhibited a microcrystalline structure with an average crystallite size of 20.6 nm. A
lattice constant value of a0 = 1. 014 ± 0. 006 nm was determined for these films, which
corresponds to the body centred cubic (bcc) structure of In2O3. A preferred orientation
along the [222] axis was observed for all the films, independently of the oxygen
content in the sputtering gas. Films with thickness less than 120 nm consisted of a
large intergranular amorphous phase, as revealed by selected area electron diffraction.
The TEM studies showed that an electron beam recrystallization mechanism takes
place in situ in these films. After 10 min of irradiation with the focused electron
beam, the electron diffraction pattern of the films was typical of a microcrystalline
In2O3 film. The lattice spacings values calculated for the crystallographic planes
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corresponding to the observed diffraction rings after crystallization occurred
evidenced the bcc structure of In2O3. The bright-field electron micrographs of the
films after crystallization occurred exhibited a crystalline structure which consists of
many small crystallites of relatively uniform size forming a morphologically
homogeneous film.
The optical properties of the films have been studied by optical transmission
and absorption measurements. The films were found to be highly transparent in the
visible region with a visible transmission up to 90%. A direct optical gap
E g = 3. 70 ± 0. 05 eV was determined for these films, which remains essentially the
same for oxygen contents between F = 0.5 and 1.0 in the sputtering gas. The optical
parameters, i.e. the refractive index and the extinction coefficient, have been
determined as a function of wavelength according to Manifacier’s method for a film
with thickness 700 nm. Annealing of the film up to 250 °C in air caused an increase in
the extinction coefficient resulting in a corresponding decrease of the refractive index.
The surface and depth composition of the films was investigated by Auger
electron spectroscopy (AES) combined with depth profiling analysis. The Auger
depth profiles showed that the composition of the films remains constant all the way
from the surface to the interface with the glass substrate, regardless of the thickness of
the films. The stoichiometry of the films was determined by quantitative Auger
analysis and energy dispersive x-ray analysis (EDX). By both analyses it was
confirmed that the stoichiometry does not depend on the growth conditions, i.e. film
thickness and oxygen content in the sputtering gas. The method used to determine the
atomic concentrations of In and O by Auger analysis is based on the simple
calculation of the relative Auger sensitivities between the elements of interest, In and
O, and Ag. The excellent uniformity throughout the whole thickness of the films
allowed for calculation of an average atomic concentration of In and O in each film
from the calculated values of atomic concentrations in different depths during a depth
profile. The EDX quantitative analysis was carried out with reference to standard
In2O3 powder of known concentration. The results of the AES analysis indicated an
oxygen deficiency of 2−5% in the films with respect to the stoichiometric
composition, whereas those of the EDX analysis seemed initially to indicate an
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oxygen excess (metal deficiency) of 11−12% with respect to the stoichiometric
composition. The observed discrepancy between AES and EDX analyses was
attributed to the roughness of the standard material used in the EDX analysis, which
is significant compared to the depth of x-ray production. Therefore, the EDX analysis
was not able to provide the correct stoichiometry in this case. However, the accuracy
of the method itself is valued in terms of providing a very good compositional
comparison between the films examined. The only way to obtain a reliable EDX
analysis of an InOx film is to use a standard with the same roughness as the film,
whenever this is available.
Holographic recording of information at UV laser wavelengths (325 nm) has
been demonstrated in these films. The storage of information exhibited a dynamic
behaviour associated with changes in the refractive index and/or absorption
coefficient of the films. The recorded grating disappears in the absence of UV light
and the material returns to its initial state, with decay times that depend on the
specific properties of the material. The observed behaviour is attributed to the
localized modification of the optical properties of the material, possibly through
alternation of active centres such as oxygen vacancies. Further research carried out in
this field by the Materials Group/IESL/FORTH has shown that there is a strong
correlation between holographic recording and the UV laser induced change of
conductivity. These characteristics of indium oxide films may add new possibilities
for applications in optoelectronic devices with emphasis in optical switching and
holographic memories.
Through this work, it has been demonstrated that reactive dc magnetron
sputtering of an In target is itself an extremely well controlled growth process to
produce transparent microcrystalline InOx films with high homogeneity and
reproducibility of film properties, even at room temperature.
Some subjects that arise from this work and are interesting for future study are
listed below:
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 The investigation of the existence of preferential sputtering of oxygen (or indium)
during depth profiling analysis. A proposed way to address this question is to
compare the Auger depth profiles (i.e. the AES P-P signals of In and O versus sputter
depth) from different analysed areas of the same InOx film obtained by varying the
energy of the Ar ion beam.


The study of possible changes in the oxygen signal from the surface of the as-

deposited InOx films upon in-situ illumination with UV radiation and subsequent
oxidation in an UHV chamber with facilities for x-ray photoelectron analysis.
Simultaneous measuring of the conductivity of the films can be performed. The fact
that the InOx films produced in the present work are homogeneous in-depth allows for
establishment of UV-induced changes in the bonding configuration of oxygen versus
film thickness by thinning the films by sputtering. This may provide information
about whether the observed UV-induced changes in conductivity occur uniformly
throughout the whole depth of the film.
 Surface topographic investigation and conductance measurements using Scanning
Tunneling Microscope (STM). Recently, topographic STM studies carried out on 100
nm thick ITO films deposited by electron beam evaporation revealed that the surface
of the films was formed as a result of the coalescence of islands with varying sizes.
The spectroscopic measurements exhibited characteristics typical of a metal-insulatorsemiconductor structure. However, (to the best of the author’s knowledge) STM
studies on indium oxide films have not been reported before in the literature.
 The investigation of the optimal parameters for the deposition of dc sputtered
indium oxide films suitable for use as semiconductor gas sensors in technological
applications. Typical chemical sensor devices are a combination of an n-type metal
oxide and a precious metal catalyst. Tin oxide has been widely used as the n-type
metal oxide in gas sensing applications in the past. It is well known that the sensing
properties of tin oxide films are strongly depending on the grain size and the surface
morphology of the films. During the last years, it has been found that indium oxide,
instead of tin oxide, can be a good candidate for sensor devices. Indium oxide thin
film sensors have been recently produced for the first time by the sol-gel method.
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Despite the large variety of deposition methods have been applied for the preparation
of indium oxide films, there have not so far been reported any systematical structural
and morphological investigations concerning the gas-sensing properties of these
films. Therefore, this is a new area offering a lot of interesting research on indium
oxide films.
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