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Abstract

Abstract

Oxide-based transparent conductors constitute a novel class of materials, which finds applications in many
technological fields such as photovoltaics and organic light emitting devices. They can be employed in the
new generation solar cells as transparent charge collectors. The transparent and conductive oxide mostly
used nowadays is indium tin oxide (ITO), however due to the high cost and scarcity of indium, other
materials are under research and development as potential substitutes. Many candidates are currently under
study, mainly doped-ZnQ, doped-CdO, doped-SnO,, doped-TiO..

The work undertaken in this thesis is a study of the doping processes of thin films of TiO, and ZnO, two
cheap, chemically stable and non-toxic materials. Two main objectives were pursued in this work: (i) the
optimization of the film deposition and doping conditions for a potential replacement of ITO and (ii) the
understanding of the factors dominating the doping process as well as its limitations. The approach was to
explore three doping methods of the films: intrinsic doping, extrinsic doping and, with the aim to combine
the benefits of both, intrinsic-extrinsic co-doping. Since the structural defects (such as oxygen vacancies) are
at the basis of the intrinsic doping, a control of their formation was searched through the variation of the
growth process conditions of the ZnO and TiO, films. Niobium was selected for the extrinsic doping of the
TiO, films.

The films were grown by RF plasma sputtering in different atmospheres (Argon, Ar-O, and Ar-H, gas
mixtures) and under different plasma power conditions and substrate temperature, onto silicon and quartz
substrate. The Nb-containing films were obtained by co-sputtering of either a single composite TiO, -Nb
target or two distinct niobium and TiO, targets.

Many characterization techniques were applied to define the film structural, electronic, electrical and
optical properties obtained upon doping. For chemical analysis, X-ray Photoelectron Spectroscopy (XPS)
was used. The structure and morphology of the films were analyzed by X-ray Diffraction (XRD) and
Scanning Electron Microscopy (SEM). The chemical species present in various plasmas used in deposition
process were investigated by Optical Emission Spectroscopy (OES). Further, the defect structure and
properties of the obtained films were studied by Positron Annihilation Spectroscopy. Analysis by this
technique shed more light on the nature of the vacancies/open volume and on the effect of the latter on the
electrical and structural properties of the films. A study based on a joint use of XPS and optical
measurements allowed to define the electronic properties of the films (valence band edge, Fermi level

position, work function, ionization potential and electron affinity).



Abstract

Structural analysis results revealed the formation of both anatase and rutile nanocrystalline phases for
intrinsic and extrinsic doping of TiO,, while with the co-doping method only anatase phase was obtained, a
phase known to be favorable for Nb incorporation in TiO, lattice.

The intrinsic doping of TiO, films showed high transparency in the visible range, but resulted in still high
resistivity values (10*-10® Qxcm). The latter could be lowered by using Ar-H, gas mixtures during film
deposition. The same trend was observed in the case of intrinsically-doped ZnO films, an increase in the
electrical conductivity was observed when the concentration of defects was increased.

The lowest resistivity was achieved with niobium doping of TiO,, 5x107° Qxcm, with an optical absorption
coefficient in the visible range of ~1x10* cm™, however the combination of the internal defects and Nb, in
co-doping, did not improve the conductivity. Nonetheless, it was found that co-doping method strongly
modified the electronic properties of the TiO, films, allowing a control of the work function, an important
parameter for transparent electrodes.

Low cost transparent conductive oxides were obtained when niobium was successfully incorporated in
TiO, lattice. By optimization of the deposition process of the films (dopant concentration, RF power,
atmosphere, and annealing temperature) the electronic, electrical and optical properties of doped- TiO, films
can be improved. The obtained results can contribute to the development of transparent electrodes and

charge collectors by RF sputtering, a suitable technique for coating on large area substrates.



1. Introduction and motivation

1. Introduction and motivation

Transparent electronics is becoming an important field in material science. The developments in the
field of transparent electronics calls for the need of understanding the basic properties of
transparent conducting oxides. This chapter gives an introduction on the recent developments in

transparent electronics, the content of the research carried out in this thesis, and the aims of the study.



1. Introduction and motivation

The first reported transparent conductive oxide (TCO) was cadmium oxide (CdO) in 1907 [1], obtained
by thermal oxidation of sputtered cadmium. However, the technological advances in TCOs emerged only
after 1940, as the potential applications in industry and research became evident. In 1956 Thelen et al. [2]
has found transparency and conduction in indium oxide (InO), which was later used in applications for
heated windows. Years of extensive research finally led to SnO, doped In,O3 (known as indium tin oxide or
ITO) with excellent electrical and optical properties [3]. The commercial value of TCO films has been
recognized, and the list of potential TCO materials has expanded to include ZnO, SnO,, In,0; CdO etc. One
of the advantage of using binary compound as TCO material is that their chemical composition in film
deposition is relatively easier to control than that of ternary and multicomoponent oxides.

In addition to these binary compounds, ternary compounds such as Cd,SnO4 CdSnO;z; CdIn,QO,,
Zn,Sn0y [4], MgIn,O4 [5], ZnSnO; [6] and GalnO; [7] were also developed prior to 1980 [8,9]. New TCO
materials consisting of multicomponent oxides have been developed in 1990s. In 1999, Minami et al [10]
reported Zn,In,Os-MgIn,O, multicomponent oxide as a new TCO material. The advantage of the
multicomponent oxide materials is the fact that their electrical, optical, chemical and physical properties can
be controlled by altering their chemical compositions.

Nowadays there is a renewed interest in research on TCOs, mainly due to the exponential rise in the
applications using the TCO materials [11]. With the advent of flexible displays, high definition TVs
(HDTVs), flat panel displays (FPDs) and the several hand-held and smart devices, the demand for TCOs has
also increased several folds [12]. Another important application for the TCOs is energy efficient windows,
which is gaining significance in the global regions with cold or moderate climates [12,13]. However, the
most important application in the present context is that of transparent electrodes for light emitting diodes
(LEDs) and for photovoltaic (PV) cells [11,14-16]. With an ever deepening of energy crisis, the demand for
alternate and cost-effective energy sources is increasing. There is also a need to improve the efficiency of
solid state lighting devices. Although rapid progress is being made in increasing efficiency of the above-
mentioned solid state devices through breakthrough results in synthesis of photoactive materials and novel
device structures, the research in the field of TCOs has been relatively slow placed [12]. Soon the TCO
properties will be the limiting factor in the development of PVs and the solid state lighting devices. Thus
there is a considerable interest in developing TCOs with improved properties. Apart from these some of the
other applications of TCOs include: window heating, electrochromic windows, electromagnetic shielding,
and invisible security circuits [13].

Currently, indium tin oxide (ITO) is the most widely used material for TCO applications. With the
steady rise in demand for the applications mentioned earlier, it seems to be difficult to meet the supply
requirements because of the rapidly diminishing supply of In. In the recent times the production of indium
has dropped and increasing the production is itself a topic of intense research [17]. The primary reason for
the limited availability of In is that it is produced as a by-product of Zn, Sn and Pb production. The
concentration of In in earth’s crust is extremely low (0.1 ppb), which prohibits direct mining of this element

[18]. Thus, increasing the output of In would require drastic improvement in the extraction processes and
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1. Introduction and motivation

equipment. This directly translates into addition of cost to the present high prices of In. In 2005 — 06, 70% of
the In produced globally was used in the form of ITO coating for various TCO applications. A large fraction
of the remaining In is mostly used as an electronic grade material for semiconductor and electrical
components. The demand for In based compound semiconductors has been steady over the past few years, it
is predicted to pick up in the future. The automotive sector is another huge market for the TCO coatings and
can be directly associated with the demand for the commercial vehicles. Thus, it can be seen that substituting
ITO with a more economical TCO material would save a large amount of material related costs of the TCO
based products. Moreover, this would also assure a stable supply of In for the semiconductor and
optoelectronic applications.

In addition to the high cost of In, ITO also suffers from poor chemical stability in hydrogen atmospheres
and exhibits relatively poor diffusion barrier characteristics [13]. Stability in hydrogen is a particularly
important property for the Si based photovoltaic applications, where H passivation is a key processing step in
the solar cell fabrication. These factors and the limited availability of In have motivated researchers all over
the world to explore new and relatively inexpensive TCO materials. It is also thought that the new materials
can offer more technical advantages, especially in terms of processibility and post-deposition stability [19].
With the improvement in properties of TCOs, the solar cell industry is expected to be benefited the most
among all the applications. The performance of solar cells is directly related to the TCO characteristics.

In this thesis, the focus is on preparation and characterization of low-cost TCO films with an eye toward
applications in photovoltaics. Two different materials, ZnO and TiO,, doped intrinsically and extrinsically,
have been investigated as alternative TCOs to ITO. In the case of ZnO, the hydrogen effect on the structural,
optical, electrical properties is studied, while in the case of TiO, more parameters were investigated:
different gas mixtures and different doping. The main aim of this study is to gain a better understanding of
the fundamentals and the factors affecting the properties of the alternative TCOs.

The thesis is composed of nine chapters, organized as follows. The introduction chapter (Chapter 1) is
followed by a chapter describing the TCO fundamentals. This chapter (Chapter 2) will give an overview of
the basic phenomena and the processes involved in the materials that exhibit TCO characteristics. In
addition, it will also briefly discuss the TCO requirements specific to photovoltaic application. The third
chapter describes the experimental details used for synthesis and characterization of all the films. Chapter 4
and 5 describe and discuss in detail the results obtained for intrinsically (via internal defects creation) and
extrinsically doped-TiO,, respectively. A mixed intrinsic-extrinsic doping of TiO, films, obtained by Nb
incorporation and the creation of internal defects will be investigated in Chapter 6. The effects of the
different deposition conditions on the electrical, optical, and electronic properties of doped-TiO, films will be
described and commented in Chapter 7. Further investigation of the structural defects in un-doped and
doped TiO, films will be given in Chapter 8, which gives the results obtained by Positron Annihilation

Spectroscopy (PAS) analysis. The results of a study of ZnO film deposition in Ar-H, plasma for intrinsic
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1. Introduction and motivation

doping will be given in Chapter 9 and in a final chapter the overall conclusions are summarized along with

the future directions.
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2. Background

Optical transparency and electrical conductivity can coexist in a specific class of oxide materials. These
so-called transparent conducting oxides are semiconductors that transmit visible light because of a wide
band gap. By introducing doping, it is possible to control the conductivity. At very high doping
concentration the semiconductor becomes degenerate, and the conductivity is limited by scattering of the
charge carriers. Furthermore, the optical properties are affected by the doping concentration.

Doped-titanium dioxide (TiO,) and doped-zinc oxide (ZnO) are two promising materials for replacing
indium tin oxide (ITO) as transparent conductive oxides. Cheap, chemically stable, and non-toxic
materials are important criterias to be considered in choosing a TCO for different applications.
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2.4.3 Electrical and optical properties of ZnO
2.4.4 Hydrogen and water adsorption on ZnO polar surfaces

2.4.5 Native point defects and hydrogen in ZnO
2.5 Concluding remarks
2.6 References
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2.1 Introduction

Transparent conducting oxide (TCO) layers are characteristically described as thin films that exhibit
simultaneously high visible wavelength transparency and electrical conductivity. The majority of known
TCO materials are n-type semiconductors where defects such as oxygen vacancies, impurity substitutions
and interstitials donate electrons to the conduction band providing charge carriers for the flow of electric
current [1].

TCO films useful for most applications must have a wide band gap (>3 eV) which requires a degenerate
carrier density >10% cm™® and ideally a resistivity <10 «m. They are highly transparent in the visible
region and highly reflective in the near infrared, where the so-called free carrier absorption takes place. In
general, TCOs are polycrystalline, although, recently, studies on amorphous TCOs have also been performed
[2]. The degree of crystallinity (grain size) influences the electron transport, i.e., better crystallinity (larger
grains) leads to higher film conductivity. Each of the application already mentioned in Chapter 1 have
different requirements upon the optoelectronic and structural properties of TCO film. For example, for some
applications amorphous films are desired because they are normally easier to etch and smoother than the
polycrystalline films [2]. Therefore, a profound understanding of the fundamental aspects of transparent
semiconductors is required in order to improve either the properties of existing materials, or design new type
of TCOs.

Not many materials exhibit this unusual combination of high transmittance and electrical conductivity.
Usually, materials that show high electrical conductivity are almost opaque to the visible light owing to their
absorption coefficient and/or reflectivity, whereas transparent materials are insulating or semiconducting due
to the lack of free carriers at ambient temperatures. A figure of merit is often adopted to qualify a TCO,
defined as the ratio of the optical absorption coefficient to the electrical conductivity of the film.

Factors that may influence the choice of TCO for any particular application are: electrical conductivity,
physical, chemical and thermal durability, etchability, plasma wavelength, work function, thickness,
uniformity, deposition temperature, toxicity, and cost.

In this chapter an overview of the most important fundamental aspects on transparent conductive oxides
will be discussed. The structural, electrical, electronic and optical properties of titanium dioxide (TiO,) and

zinc oxide (ZnO), two possible candidates for replacing ITO, are discussed.

2.2 Fundamentals of TCOs
2.2.1 Growth techniques used for preparing TCOs

The properties of a TCO layer depend not only on its chemical composition, but also on the method used
for its preparation. A vast amount of literature is available on different TCOs deposited by various growth

techniques and their fundamental aspects. Reviews on TCOs concerning these issues have been reported
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2. Background

earlier [1,3-5]. These preparative methods include physical methods (sputtering, evaporation, pulsed laser
deposition) and chemical methods (chemical vapor deposition, sol-gel, and spray-pyrolisis).

Sputtering is one of the most extensively used techniques for the deposition of TCOs films. Both reactive
and non-reactive forms of DC and RF sputtering, magnetron and ion beam sputtering are used. Ar-O,, O, or
H, are generally used as the sputtering gas. In order to obtain the optimum transparent conducting properties,
the reactively sputtered oxide films normally require a post-deposition heat treatment in either oxidizing or
reducing ambients, depending on the initial sputtering conditions. Sputtering from oxide targets renders a
better control over the stoichiometry. Films deposited onto unheated substrates tend to be amorphous and
increasing the substrate temperature improves the crystallinity and grain size and decreases the density of
structural defects, leading to higher mobilities. The application of a negative bias to the substrate can
increase the purity of the film, resulting in improved electrical and optical characteristics. lon beam
sputtering involves minimal intrinsic heating and electron bombardment and hence constitutes a low
temperature deposition method which can be useful for several applications of TCOs.

Evaporation can be an alternative to sputtering. The important control parameters in evaporation using
metallic or oxide sources are the evaporation rate, substrate temperature, source-to-substrate distance and
oxygen partial pressure. To obtain highly transparent and conducting films by evaporation, higher partial
pressures of oxygen in combination with correspondingly adequate substrate temperatures and fast
evaporation rates are necessary.

A technique that is widely used for the production of ZnO films is pulsed laser deposition (PLD). In this
technique, pulsed nanosecond or picosecond lasers generally emitting in the near-UV, such as excimer or
frequency-tripled Nd:YAG lasers, are focused tightly on a pressed or sintered ZnO target, thus producing a
plume of evaporating source material, which is deposited on a heated substrate. The plume is emitted normal
to the target surface, independent of the angle of incidence of the laser beam. The angle of aperture of the
plume gets narrower with increasing laser pulse energy. The high kinetic energy of the evaporating species
results in a high surface mobility on the substrate. A low background pressure of O, in the recipient or a
post-growth annealing in an O, atmosphere helps to improve the stoichiometry of the ZnO layers.

Chemical vapour deposition (CVD) consists of a surface reaction, on a solid surface, involving one or more
gaseous reacting species. Metallic oxides are usually deposited by the vaporization of a suitable metal-
bearing compound and its in situ oxidation with O,, H,O or H,0,. O,, N, or argon are generally used as
carrier gases. In general the quality of TCOs prepared by CVD has been slightly inferior to that of sputtered
or reactively sputtered conductors. Better results are expected with the plasma-assisted CVD process.

A variety of the CVD technique is called spray pyrolysis. This technique involves spraying of a solution,
usually aqueous, containing soluble salts of the constituent atoms of the desired compounds onto heated
substrates. Whether or not the process can be classified as CVD depends on whether the liquid droplets
vaporize before reaching the substrate or react on it after splashing. Various geometries of the spray set-ups
are employed, including an inverted arrangement in which larger droplets and gas phase precipitates are

discouraged from reaching the substrate, resulting in better quality films. H,O is the most common

-14 -



2. Background

convenient oxidizing agent, but is usually helpful to dilute the solution by adding ethanol, or, in some cases,
methanol, propanol or butyl acetate. N,, O,, argon or air are generally used as carrier gases.

Other technologies can be applied without recourse to vacuum. For example, sol-gel deposition involves
immersion of a substrate in a chemical solution, withdrawal at a controlled rate, and subsequent heat
treatment. Alternatively, the chemical solution can be applied by spray coating.

In this work intrinsically doped-TiO, and ZnO and extrinsically doped-TiO, were prepared. Niobium was
selected for the extrinsic doping of the TiO, films. The films were grown by RF plasma sputtering in
different atmospheres (Argon, Ar-O, and Ar-H, gas mixtures) and under different plasma power conditions
and substrate temperature, onto silicon and quartz substrate. The Nb-containing films were obtained by co-
sputtering of either a single composite TiO,-NDb target or two distinct niobium and TiO, targets.

2.2.2 Choice of TCOs

It is apparent from the diversity of applications for TCOs presented in first chapter that no one material is
most suitable for all uses. Depending on which material property is of most importance, different choices are
made. A summary of the advantages and disadvantages of different TCOs with respect to different
applications is presented by Gordon [6].

For example, in low-emissivity windows in buildings materials with high transmittance are preferred in
cold climates while in hot climates, materials reflecting the near-infrared part of incident sunlight are
requested. Low cost materials and with good thermal stability are necessary in solar cells. The many
different styles of flat panel displays use TCOs as a front electrode. Etchability is a very important
consideration in forming patterns in the TCOs electrode. The materials used in this application must be
deposited at low temperature and have a low electrical resistance. Chemical inertness, high transparency and
low cost materials are required for electrochromic mirrors widely used in automobiles market and ’smart”
windows. For defrosting windows used in freezers, defrosting windows in airplanes or automobiles
windshields low cost and durable materials with low resistance are required. Tin oxide coatings are placed on
oven windows, where the main criteria for the material are high temperature stability, chemical and
mechanical durability, and low cost. TCOs with high resistances and high mechanical and chemical
durability are placed on glass to dissipate static charges that can develop on xerographic copiers, television
tubes, and computer displays. Another application where the durability and low cost of the TCO are
important criterias is touch-panel controls. TCOs-coated glass can be used as part of invisible security
circuits for windows or on glass. The materials used for this purpose should have a good UV protection.

There is no one transparent conductor that is best for all applications. All of the commonly used
transparent conducting materials nowadays and their production methods have advantages and disadvantages

for each application.
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2.2.3 A brief introduction to semiconductor physics

Semiconductors are a class of materials which have electrical conductivity in between that of a metal (>
10* @'cm™) and that of an insulator (< 10"° Qcm™) [7]. However this definition of semiconductor is not
completed. Another definition is made by considering the existence of a gap between occupied and empty
states: an energy gap with its width larger than 4 eV exists in an insulator (Figure 2.1 (a)); an energy gap
with its width less than 4 eV exists in a semiconductor (Figure 2.1 (b)); no such an energy gap exists in a
metal (Figure 2.1 (c)).

In semiconductors at zero temperature, the conduction band is completely empty and the valence band is
completely filled. As in an empty or full filled band, the electrons do not carry any current, there isn't any
conductance in semiconductors at T = 0 K, while with the increase of temperature, the electrons at the top of
the valence band are thermally excited to the bottom of conduction band, leaving empty states in the valence
band. The valence band with some empty states can be considered as a full filled valence band along with
some positive charges (+e), called holes, occupying the top of the valence band. Therefore, conductance is

induced by the motion of electrons in the conduction band and the holes in the valence band.

cB
cB
Ey > deV 0000
cB
Ey < 4eV
Eg~0
VB ;] VB
(@) (b) ©

Figure 2.1. Schematic band structures for (a) insulator, (b) semiconductor, and (c) metal

Another effective way to introduce charge carriers (electrons or holes) is to dope with some impurities the
host semiconductor. The number of outer shell electrons of the impurity atoms should be different from that
of the constituent atoms. If the impurity atoms have more outer shell electrons, they will provide or “donate”
extra electrons in the semiconductor, accordingly, they are called n-type dopants or donors. While if the
impurity atoms have less outer shell electrons, they will require or “accept” electrons from the host atoms, or
they provide extra holes in the semiconductor, thereby they are called p-type dopants or acceptors. From a
band structure point of view, n-type dopants create donor impurity levels below the bottom of the conduction
band, while p-type dopants create acceptor impurity levels above the top of the valence band as depicted in

Figure 2.2. Due to thermal activation, electrons in the donor levels will be excited to the conduction band, or
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the holes in the acceptor levels will be excited to the valence band, which can give rise to a large number of
charge carriers.
Besides the number of charge carriers, the mobility of carriers determines the conductivity as well. In a

simple Drude model, the conductivity is written as [7]:

0 = o, + 0, = ney, + peu, (2.1)
where n = N exp(— %) is the electron density in the conduction band, (2.2)
p = Nyexp(— %} is the hole density in the valence band, (2.3)
_ Ec+Ey kT Ny - .
Ep = ——t 71n (N—C) is the Fermi energy, (2.4)

e is the electronic charge, k is Boltzmann’s constant, T the absolute temperature, s and x, are the electron
and hole mobility respectively, Nc and Ny are the effective density of states of the conduction and valence

band, Ec the energy of the bottom of conduction band, and E the energy of the top of valence band.
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Figure 2.2 Schematic band diagram for (a) intrinsic, (b) n-type, and (c) p-type
semiconductors at thermal equilibrium

The Fermi energy or Fermi level defines the reference energy for the probability of occupation of electron
states. Thus, in metals is located within a partially filled allowed band, whereas in semiconductors and
insulators is positioned within the forbidden band. In doped semiconductors, p-type and n-type, the Fermi
level is shifted by the impurities. The closer the Fermi Level is to the conduction band, the more mobile
electrons are present in that band. Similarly, the closer the Fermi Level is to the valence band, the more
mobile holes are present in this band.

As we discussed above, to introduce a large number of carriers into a wide-band gap semiconductor, an
extrinsic doping with shallow donors or acceptors is required. Since 1950s, it has been noticed that when the
concentration of shallow impurities in a semiconductor increases to a critical value, an abrupt
semiconductor-to-metal transition occurs. This transition was named Mott transition later because of the

significant contribution of N. F. Mott in explaining the underlying physics of this phenomenon [8].
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Mott pointed out three main features of this transition (n-type semiconductors for example) [8]:

1) When the donor concentration ny is below a first critical value n, the electrons are loosely bound to the
donors, and they form a single donor level in the band gap, as shown in Figure 2.3 (a).

2) When ny is above n, the orbit of bounded electron starts to overlap with each other and hence they are
delocalized, giving rise to a metallic behavior. From the band structure point of view, the single impurity
level spreads into an impurity band (Figure 2.3 (b)).

3) When nq is above a second characteristic concentration ng, the impurity band overlaps with the
conduction band of the host crystal and the Fermi level of the electron system moves up to conduction band

as well (Figure 2.3 (c))
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Figure 2.3. Schematic band structure for an extrinsic n-type doped semiconductor when
(8) na < ng; (b) Ne < Ng < Ny; (C) Ng > Nz

This Mott-transition picture is a useful guidance for the development of transparent conducting oxides.
According to this picture, to achieve good conductivity in a transparent wide-band gap semiconductor, one
should have shallow donors or acceptors and considerable high concentration of these shallow impurities.

Joyce and Dixon [9] have obtained a useful approximate expression applicable to degenerate

semiconductor, given by:

—C)2 + - (2.5)
for electrons and by:

Ly2 4. (2.6)

for holes.
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2.2.4 Electrical properties of TCOs
2.2.4.1 Electronic conductivity and band structure

The conductivity ¢ is a product of the number of charge carriers n in a material, and the mobility pu of these
charge carriers, times the elementary electron charge e. The resistivity p (for an n-type semiconductor, for
example) is defined as the inverse of the conductivity.

o =nue = 2.7)

For thin films of uniform thickness d, the electrical resistance is sometimes expressed as the sheet
resistance (Rs=p/d). Other than the thickness, the sheet resistance is independent of the film dimensions.

In order to promote conductivity, the number of charge carriers can be increased by doping. Dependant on
the material this can be done by substitutional doping, creation of vacancies or implantation of interstitials.
Dependant on the valence of dopants or vacant sites, acceptor or donor states will induce p- or n-type
conductivity.

Another possibility to enhance the conductivity is to increase the mobility. However, the mobility is
dependent on intrinsic scattering mechanisms, and can therefore not be controlled directly. In general these
mechanisms limit the mobility as the carrier density increases. As a result, the mobility is the most important
parameter influencing the total conductivity.

The presence of a band gap, providing low absorption in the visible range, is an essential feature of TCOs.
Metal-oxide semiconductors having a band gap of at least 3 eV meet this condition.

In intrinsic stoichiometric oxides, coexistence of electrical conductivity besides visible transparency is not
possible. However, substitutional doping by cationic donors or anion vacancies can create charge carriers,

i.e. electrons. The donor (or acceptor) states alter the electronic band structure of the material.

2.2.4.2 Scattering mechanisms

Mobilities in thin-film TCOs may be limited by a variety of scattering mechanisms including: ionized
impurities, neutral impurities, thermal lattice vibration scattering and grain-boundary scattering, whereas
single-crystalline samples are ideally limited only by intrinsic lattice phonon scattering [10]. Owing to the
concentration and the scattering cross section of the neutral impurities being much smaller than that of
ionized impurities both in undoped and doped oxide films, the neutral impurity scattering can be neglected.

The reciprocal mobility of the films can be expressed as [11]:

N (2.8)
u Hi  H1 Hg
where 4, 14 and 1y are mobilities corresponding to ionized impurity, lattice vibration and grain boundary

scattering, respectively.
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lonized impurity scattering

The TCO films contain a large amount of point defects. These defects are assumed to be oxygen vacancies
or/and excess metallic atoms (in undoped films) or external dopants (in doped films). These point defects are
usually ionized and become ionized impurities. The concentration of the ionized impurities is larger than 10
cm for practically applied films. These ionized impurities are strong scattering centers for charge carriers.

In a degenerate electron system, only the electrons near Fermi level take part in conduction. According to
Conwell-Weisskoft formula when degenerate charge carriers are scattered by impurity ions, the energy
dependence of mobility is:

1/23/2
e/2E, 1

ui = = 7i(Ep) = (o)Y/? (2.9)

me3N;Z2 |n(1+—2E)2

N3ze?
where e is the electric charge, m”* is the effective mass of electrons, 7;is the relaxation time, which takes into
account the scattering events occurring near the Fermi level Eg, ¢ is the static dielectric constant of the films,
Ze is the ion charge and N; is the concentration of the scattering centers. Formula (2.9) does not contain
temperature in an explicit way. This means that ionized impurity scattering mobility is independent of
temperature for the degenerate semiconductors.

The effective mass m* is unique for each particular crystal lattice. Once known, m* allows for the
acceleration of an electron through a known crystal lattice under an applied electric field to be described
simply using classical mechanics. The effective mass is usually given in terms of the free electron mass, i.e.,
m*/m,. For different semiconductors, this ratio can be slightly greater or less than unity. For TCOs, this value

can be significantly higher than 1.

Grain boundary scattering

Grain-boundary scattering is often assumed to be the dominant mechanism in polycrystalline TCO thin
films because of the rather small electron mobility compared with that of single-crystal samples [12-14].

Polycrystalline TCO films are composed of crystallites joined together by grain boundaries which are
transitional regions between different orientations of neighbouring crystallites. Among polycrystalline
semiconductors, polysilicon has been the most extensively studied material where the grain boundary effects
have been analysed with charge-trapping model [15,16]. In this model it is assumed that grain boundaries
contain lattice defects-induced trapping states. These states compensate a fraction of charge carriers of
ionized, uniformly distributed dopants. This process creates a potential barrier across the depletion region,
impeding the carrier motion from one crystallite to another. The influence of the grain boundary scattering
becomes very important when the width of the depletion layers becomes commensurate with the grain size of
the crystallites. This model has been widely applied to the TCO films in the literature [1,17-22], where it is
assumed that grain boundaries between crystallites tend to contain some oxygen which is chemisorbed on the
grain boundaries of crystallites. The chemisorbed oxygen atoms (or molecules) can capture electrons from
conduction band and makes the grain boundaries negatively charged [23]. Potential barriers are formed

between the crystallites, which would strongly scatter conduction electrons.
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According to the Petritz model [15], the grain boundary scattering-dependent mobility can be defined as:

Hg = AT 2exp[-(52)] (2.10)
where A is a constant for the sample, T is the temperature, e is the electric charge, V; is the potential barrier
between the grain boundaries, and k is the Boltzmann constant. u, is mainly determined by the potential
barrier Vg. For high resistivity oxide films, the grain boundary scattering is the main scattering mechanism
and Vg is very high.

The thickness of depletion layers at grain boundaries can be calculated using the formula:

280&/VE
qn

d = (2.11)

The grain boundary scattering has a much smaller contribution as compared to other scattering
mechanisms. The grain boundary scattering is dominant to limit the mobility only for those samples whose

grain sizes are small.

Lattice vibration scattering

In a real crystal atoms are not fixed at rigid sites on a lattice, but are vibrating. Increasing the temperature,
the lattice vibration scattering may become dominant. The lattice vibration scattering mobility is formulated
as [24]:

_ 67'[2714'0” E~1/2
M = o Gmy3282n kT

(2.12)

where e is the elementary charge, # is the reduced Planck constant, ¢ is elasticity constant modules, m* is
the effective mass of electrons, A is the divergence of strain, N is the concentration of matrix atoms, and k is
the Boltzmann constant. Considering the degeneracy for the investigated system, in equation (2.12) E = Eg is

a constant. The dependence of the mobility on the temperature can be written as:

1

Only at high temperatures, thermal lattice vibration scattering can dominate the mobility of a TCO film.

In conclusion, the maximum conductivity of wide band gap semiconductors is restricted by the theoretical
upper limit of mobility, depending on each scattering mechanism. Although most authors agree on the
mobility limit due to ionized impurity scattering, the mobility due to grain boundary scattering is modeled
differently in many cases. The influence of grain boundary scattering in TCOs is still under debate. However,

it is commonly accepted that the mobility is only affected if the grain size is considerably small.
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2.2.5 Optical properties of TCOs

Usually, the optical properties are studied over a broad range of wavelengths (IR-UV) in order to observe
the frequency dependence of these properties. An important feature of TCOs is the existence of a
transmission window covering most part of the visible spectrum.

The typical spectral dependence of TCOs is shown in Figure 2.4. The transmission window is defined by
two regions where no light is transmitted due to different phenomena. At low wavelengths (A<Agp) the
absorption due to the fundamental band gap dominates. The photon energy in this near-and deep-UV part of
the spectrum is high enough to equal the band gap energy (3 - 4 eV). This energy is absorbed in band to band
transitions, and no light is transmitted because of this quantum phenomenon. For longer wavelengths, in the
(near) infrared (IR) part of the spectrum no light is transmitted due to the plasma edge (A>A). Here the light
is electronically reflected which can be best described by the classical Drude free electron theory [25].In the
free electron model, the electrons may be thought of as a plasma whose density is set into motion by the
electric field component of the electromagnetic field. The plasma oscillates at a natural frequency w,, the
resonance or plasma frequency. This frequency corresponds to the plasma wavelength 4, and is of the order
of 1-4 um for TCOs [6].

In the range between 400 -1000 nm the photon energy is too low and the TCO layer is transparent. If the
TCO is sufficiently flat, an interference structure will be seen, dependent on the thickness and refractive

index of the TCO layer. The absorption in this region is small.
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Figure 2.4. Transmission, reflection and absorption spectra of a typical TCO

The transmission can be expressed as [26]:
T =(1—R)e % (2.14)
where R is the reflectance, d is the film thickness and « is the absorption coefficient.
The optical band gap can be determined from the absorption coefficient:
a=4nk/A (2.15)

-22-



2. Background

The Tauc model [27] describes « in the high absorbance region of the wavelength range as:
aE = A(E — E,)" (2.16)
where E is the incident photon energy, Eg is the energy gap, A is a constant independent of E and y has four
possible numeric values: 1/2, 2, 3, 3/2. Generally an ad hoc assumption is made of a kind of transition (direct
allowed when y = 1/2, indirect allowed when y = 2, indirect forbidden for y = 3 and direct forbidden for y =
3/2) and the (aE)"* versus E curve is fitted with a linear function. In order to derive a direct and indirect
allowed gap aE'/? = A(E — E;) and aE? = A(E — E,) respectively are plotted versus E.

For degenerate semiconductors a gradual shift of the band gap towards higher energy as the electron
density increases is generally observed. This well-known effect is attributed to the Burstein-Moss shift (BM
shift) [28]. The lowest states in the conduction band are filled. Hence transition can only take place to
energies above Ef, enlarging the effective optical gap. This effect is of importance at very high carrier
concentrations (order 10 cm’®).

One can approximately calculate the effective mass of the charge carrier from the blue shift and conduction
electron density. The blue shift can be written as [29]:

21,2
AE = MoKE (2.17)

2m*

where kg is the Fermi wave vector. The concentration of conduction electrons can be written as [30]:
k3 1 2m*AE
== ) (218)
The effective mass will be:
2

m* =2 (3n2n)2/3 (2.19)

2AE

2.2.6 Intrinsic and extrinsic doping of TCOs

Stoichiometric metal oxides have a band gap larger than 3 eV and are therefore practically insulators at
room temperature. However, a high charge carrier concentration in TCOs can easily be obtained by use of

two doping mechanisms: intrinsic doping and extrinsic doping. Due to this the materials become n- or p-

type.

Intrinsic doping

Intrinsic doping is present due to defects in the crystal lattice, away from stoichiometry. This leads to a
small oxygen deficiency and thus to oxygen vacancies in those materials. These oxygen vacancies give rise
to shallow donor states just below the conduction band and act as an n-type impurity band. It has been
postulated for a long time that transparent conductivity is related to the existence of shallow donor levels
near the conduction band, formed by a large concentration of oxygen vacancies [30-32]. Having a shallow
donor level means that these additional energy levels are not more than 3k,T (0.075 eV at room temperature)

away from the lowest conduction band edge, where k;, is the Boltzmann constant.
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Extrinsic doping

By replacing the original bulk metal ions (cations) and bulk oxygen ions (anions) with ions having
respectively a higher and lower valence, the carrier concentration can be increased further. This increase
results eventually in a degenerately doped TCO layer with the Fermi level shifted into the conduction band.

The incorporation of extrinsic defects (aliovalent ions) into the TiO, lattice leads to the formation of donors
and acceptors when their valency is higher and lower than that of host lattice ions. Several approaches for
TiO, modification have been proposed: metal-ion implanted TiO, (using transition metals: Cu, Co, Ni, Cr,
Mn, Mo, Nb, V, Fe, Ru, Au, Ag, Pt), reduced TiO, photocatalysts, non-metal doped-TiO, (N, S, C, B, P, I, F),
composites of TiO, with semiconductor having lower band gap energy (e.g. Cd-S particles, sensitizing of
TiO, with dyes (e.g. thionine) and TiO, doped with upconversion luminescence agent [33].

n-type doping of ZnO is relatively easy compared to p-type doping. Group-Ill elements Al, Ga, and In as
substitutional elements for Zn and group-VI1I elements Cl and | as substitutional elements for O can be used
as n-type dopants. Known acceptors in ZnO include group-I elements such as Li, Na, and K, Cu, Ag, Zn
vacancies, and group-V elements such as N, P, and As. However, many of these form deep acceptors and do
not contribute significantly to p-type conduction. It has been believed that the most promising dopants for p-
type ZnO are the group-V elements, although theory suggests some difficulty in achieving shallow acceptor
level [34].

2.2.7 Work function, chemical affinity and ionization potential

For thin film solar cells, knowledge of the TCO surface potentials (e.g., ionization potential, Fermi level)
provides important benchmarks for interpreting band alignment at TCO/inorganic interfaces.

Figure 2.5 shows schematically the work function for an n-type semiconductor. The work function (¢) of a
TCO is defined as the energy difference between the Fermi level and vacuum. In most n-type TCOs the
Fermi level lies in the conduction band due to the degenerate nature of these films. Therefore, the work
function is essentially the energy required to remove the electron from the conduction band.

The work function has two contributions, the chemical affinity () and the value of (Er — Ecg):

¢ =x+ (Er — Ecp) (2.20)

Work function is extremely sensitive to the surface characteristics. ¢ is also a function of the carrier
concentration because the value of (Er — Ecg) is mainly determined by the carrier concentration. In general
the higher the carrier concentration, the lower is the work function of a given sample.

The ionization potential (I, in Figure 2.5) is the energy necessary to remove an electron from a free
unexcited neutral atom (or additional electron from an ionized atom).

Most of the TCO applications require a high work function (>5 eV), as the transparent electrodes perform

the function of either hole-injection or carrier collection.
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Figure 2.5 Different contributions to work function changes for n-type semiconductor

2.2.8 Figure of merit for TCOs

Because transparent conducting oxides have two important qualities with which they can be judged, optical
transmission and electrical conductivity, and because these two parameters are somewhat inversely related, a
general method of comparing the properties of different TCOs is used, named figure of merit.

Different equations have been developed and used over the years to compare TCO film properties. One of

the earliest equations defining a figure of merit was developed by Fraser and Cook (FC) [35]:

T

where T is the transmission and R g is the sheet resistance of the thin film. This value was often multiplied

by 1000 to allow comparisons of numbers greater than one. Higher values of figure of merit indicate superior
film properties.

A second figure of merit was developed by Haacke [36], putting more emphasis on the optical
transparency because Frc was too much in favor of sheet resistance, resulting in a maximum figure of merit

at relatively large film thicknesses. The figure of merit was redefined as:

TX
FH - —
R

(2.22)
with x > 1. Like Fraser and Cook’s figure of merit, the resulting value is multiplied by 1000 and larger
numbers indicate superior quality films.

Fraser and Cook and Haacke [] equations are based on the sheet resistance of the films which in turn is
thickness dependent. Therefore, a thicker film will have a lower sheet resistance, but will most likely also
have a lower transmission due to more absorption in the film.

The third figure of merit was developed by lles and Soclof [37]. A figure of merit that is independent of

film thickness is given by:
Fis=Rg(1-T)== (2.23)

where « is the absorption coefficient and ¢ is the conductivity of the film. The lower numbers correspond to

films of higher quality.
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Another expression that is thickness independent for the figure of merit was developed by Jain and
Kulshreshtha [38]:

Fix = —RgIn(T) zg (2.24)

Just as with the previous figure of merit, F;s, lower numbers correspond to better film properties.

2.2.9 Alternative TCOs and current status

The most common TCO used nowadays is Sn-doped In,O; (ITO) [39]. However, indium is a relatively
scarce, and consequently an expensive element. Consequently, much recent work has been focused on
alternative materials [40,41].

Some of the known pure and impurity doped binary materials are TiO,, ZnO, SnO,, CdO, and Ga,03. The
observation of TCO characteristics in these binary compounds (metal oxides) with no intentional doping is
attributed to intrinsic donors such as oxygen vacancies and/or interstitial metal atoms. However, the undoped
oxide films are unstable when used at high temperature and when exposed to ambient atmosphere. Doping
these films with certain impurity elements improves the long term stability and reliability of these films for
transparent electrode applications. It is to be noted that CdO is toxic, which makes it useless for practical
application. Recently, it has been found that Nb-doped anatase TiO, also exhibit attractive TCO
characteristics [42]. In the work of Furubayashi et al. Ti,,Nb,O, thin films with a resistivity of 2-3x10™ Qcm
at room temperature, a carrier density in the range 1x10™ - 2x10** cm™ and with an internal transmittance of
the films of about 97% in the visible light region were grown by pulsed laser deposition technique.

Table 2.1 lists the reported properties of n-type TCOs prepared by RF sputtering technique investigated in

present as good alternatives to ITO.

Table 2.1. Reported properties of n-type TCOs deposited by RF sputtering

TCO P ! S " " ¢ Ref,
[Qcm) [%] [eV] [cm?] [cm?/Vs] [eV]

ITO 1.56x10* ~87  3.35-3.47 1.00x10%* 20 4.67-5.7 [43-45]
ZnO 3.16x10%  ~80 3.10 7.02x10" 2.81 4.8 [46-48]
ZnO:Al 3.60x10* ~85  3.21-3.25 7.80x10%° 22 3.7-5.1 [48-50]
Zn0:Ga 5.3x10*  ~89  3.40-3.45 1.20x10% 9.9 3.62-4.37 [51,52]
ZnO:In 4.29x10"*  ~82 3.80 3.04x10% 47.8 5.12 [53]
TiO, ~300 ~80  3.58-3.79 - - 3.9 [54-56]
Nb-TiO,  2.40x10* ~80  3.67-3.73 3.3x10% 3.35 5.02-5.47 [57]
Sno, 8.0010° ~90  3.40-3.65 3.6x10% 1-3 4.7-5.7 [58,59]
Sn0,:Sh 3.30x10%  ~70 3.8-3.9 2.6x10% 4.7 4.7-4.9 [60,61]
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2.3 Fundamentals of TiO,

Titanium dioxide (TiO,) is a material used in a wide range of common and high-tech applications. It is
cheap, chemically stable, non-toxic, and last but not least bio-compatible. Titanium is successfully used as
implant material for dental, orthopedic and osteosynthesis application and its native oxide is mostly
constituted of titanium dioxide. TiO, powder is used as white pigment in paint [62], replacing lead oxide
which is toxic, and in toothpaste. Transparent single crystals or thin films have a high refractive index that
makes TiO, suitable for optical applications [63]. Multi-layers composed of TiO, and SiO, are designed to
make antireflection coatings in the whole visible range [64]. TiO, is widely used for photocatalysis [65], for
example for water treatment by oxidation of dissolved organic molecules [66]. Electrodes made of TiO, are
used in electrochromic devices [67] and dye-sensitized solar cells [68]. Solid-state photovoltaic solar cells
with porous TiO, layer show promising results [69]. Thus, research in many different fields is devoted to
titanium dioxide under various forms such as single crystals, ceramics, and thin films.

Because of the high dielectric constant, rutile phase of TiO, is investigated as a dielectric material in
electronic applications. For optical applications rutile is preferred to anatase because of its higher refractive
index. Films should be dense and smooth with as few voids as possible. On the other hand, all the
applications related to photocatalytic activity, gas sensing, and solar cells have a preference for anatase due
to its higher mobility and its catalytic properties. Here usually porous structures are advantageous because of
a large surface to volume ratio. Fabrication techniques of doped or undoped TiO, thin films of versatile
morphology include sol-gel, chemical vapour deposition (CVD), and physical vapour deposition (PVD)
techniques.

In this section the physical, electrical and optical properties of TiO, are discussed. An overview on the
literature related to the water adsorption at TiO, surfaces is given. The effect of oxygen vacancies and

impurities on the properties of TiO; is discussed in the last part.

2.3.1 Crystal structures of TiO,

In nature titanium dioxide crystallizes in three common polymorphs: rutile, anatase and brookite [70,71].
Moreover, TiO, can be observed in additional crystal structures: TiO, Il columbite structure [72], TiO, Il
baddeleyite structure [73,74], TiO, (H): hollandite structure [75], TiO, (R) ramsdellite structure [76], and
TiO, (B) [77]. Many of these phases occur only at very particular conditions, such as high pressure. The
most common and studied structure is rutile, it is also the most stable structure of TiO,.

Besides an amorphous component, rutile and anatase were the only polymorphs synthesized in the
sputtered thin films in this work. Hereafter the description of the properties of titanium dioxide will

concentrate on these two phases.
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Table 2.2 Physical properties of rutile and anatase TiO,

Rutile

Anatase

Tetragonal

Crystal structure
Space group

P4,/mnm (136) [78]
c=2.9587 A, a=4.5937 A [79]
u=0.3048 A, c/a=0.6441

Tetragonal

14,/amd (141) [78]

c=9.5146 A, a=3.7842 A [80]
u=0.2081 A, c/a=2.5143

Heat formation

944.5x10° kJ/kmol [81]

944.5x10° kJ/kmol [81]

Most stable surface

[110] [82]

[101] [83]

Density

4.25 g/cm” [78]

3.89 g/cm’ [78]

Electrical properties at RT

n-type semiconductor [84]

n-type semiconductor [85]

Band gap

direct 3.04 eV
indirect 3.05 eV [86]

direct 3.42 eV
indirect 3.46 eV [87]

Mobility at RT in crystal

0.1-1cm*Vs[88,89]
0.01 cm?Vs (high impurity conc.) [88]

15 cm?/Vs [85,87]

Mobility at RT in polycrystalline
thin films

0.1 cm?/Vis [89,90]

0.1 -4 cm?/Vs [87]

Electron effective mass

9 -13m, [91]
10 - 30m, [89]
12 - 32m, [92]

~1m, [87]

In Table 2.2 a summary of the most important physical properties of anatase and rutile structures of TiO, is

given. The unit cells of rutile and anatase TiO, crystal structures are shown in Figure 2.6. The unit cell

parameters at room temperature are given in Table 2.2. The unit cell of rutile contains two Ti atoms situated

at (0, 0, 0) and (“a, %a, Y4c), and four oxygen atoms. The oxygen atoms form a distorted octahedron around

every Ti cation. The unit cells of anatase contains four Ti atoms located at (0, 0, 0), (%a, %23, ¥2cC), (0, %a,

Yac), and (-%2a, 0, -¥4c), and eight oxygen atoms. In anatase, too, the Ti cation is surrounded by a distorted

oxygen octahedron [93]. TiOg octahedra constitute the basic building units for anatase and rutile structures of

Figure 2.6 Rutile (left) and anatase (right) crystallographic unit cells. Small spheres represent
Ti atoms, large spheres represent oxygen atoms
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TiO,. The polymorphs differ from each other by the arrangement and the distortion of the octahedra. In the
rutile crystal each octahedron is connected to 10 neighbouring octahedra, among which 2 share an edge and
8 share a corner with it. The edge-shared octahedra are aligned along the [001] direction [84]. In the case of
anatase, each octahedron shares 4 edges. The edge-shared octahedra are aligned along the [100] and [010]
direction forming zigzag double chains perpendicular to the c-axis. These arrangements of TiOg octahedra in
rutile and anatase give rise to open channels parallel to the c-axis in rutile and perpendicular to the c-axis in
anatase [82]. Amorphous TiO, does not have a strict crystallographic structure, often incorporates voids
within the material, and has a relatively low density.

Nearly all published results indicate that the transition from an amorphous to anatase film occurs at about
300—365°C, regardless of whether this is the deposition or annealing temperature. Rutile films are initially
observed on silicon substrates at deposition temperatures above 700°C, and more typically from
900—-1100°C. It should be noted that anatase is a metastable phase of TiO,, and the conversion to rutile
involves a collapse of the anatase structure, which is irreversible [94,95]. The critical temperature can vary
from 300°C to 1200°C, depending on the grain size, atmosphere, as well as the nature and amount of
impurities [80]. In physical vapour deposition (PVD) systems, such as evaporation, sputtering, and ion-beam
deposition, the resulting phase and film structure is determined primarily by the kinetic energy of the
impinging atoms. Therefore, the progression through the amorphous, anatase, and rutile phases may not
necessarily be expected.

Many researchers have observed that the inclusion of a certain amount of impurities into TiO, can
drastically alter the physical properties of the film. It has been shown that silicon and phosphorus inhibit the
transformation from anatase to rutile, with 100% anatase phase being retained at temperatures as high as
870°C for up to 3h for thin films and 1500 K for bulk samples [96]. The retardation of the anatase-to-rutile
transformation can be achieved with the following impurities: PO;~, S0~ and AI** [97]; AIPO, [94]; SiO,
[94,96]; Cos0, and MoOj; [98]; Ce and Nb [99]; K* [100]; WO; [101,102]; Na,O [102]; and P,Os [96].
Conversely, it is well known that other impurities enhance the formation of rutile at lower temperatures.
These impurities include CuO, [98,102]; V,0s [98]; and NiO, CoO, MnO,, Fe,03 [102].

Most researchers agree that oxygen vacancies are responsible for the overall transformation mechanism
[94,95,103]. Thus, cations such as Li**,Co*™* and Mn™ that assist the transformation can substitute for Ti** in
the anatase lattice, resulting in the creation of oxygen vacancies. On the other hand, the inhibiting effect of
other impurities (PO3~, SO?~, Nb>*) has been explained by the reduction of oxygen vacancies due to the
substitution of Nb*®> and S*® into the anatase lattice. Oxygen vacancies are also known to be created in
hydrogen ambients, thereby favouring the transformation to rutile [95,102,103].

Natural rutile crystals exhibit predominantly [110] surfaces [70], and there is agreement on the fact that the
[110] stoichiometric surface is the most stable surface for rutile [82]. For anatase the [101] surface is the
most stable [104].

While both rutile and anatase possess a tetragonal crystallographic structure, rutile is more densely packed

and thus possesses a greater density (4.25 g/cm®) than anatase (3.89 g/cm®). Amorphous TiO, films exhibit a
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wide range of densities, from 2.4 g/cm® for porous films [105] to more typical values of 3.2 — 3.65 g/cm®
[106] while films deposited with a high kinetic energy have achieved densities in the range 3.6 — 3.8 g/cm®
[107]. It has been noted that the TiO, films with a lower density can favour impurity diffusion [108], so
anatase phase is preferred for doping with impurities.
Figure 2.7 shows the phase diagram of titanium oxides. Varying the oxygen content from 0 to 2 oxygen

per titanium atom the main phases encountered at room temperature are Ti, Ti,O, TiO, Ti,Os, TizOs and
finally TiO,. In addition, in between TizOs and TiO, a series of Ti,O,.1 (with n > 4) phases can be found.
This is the Magnéli series of homologous compounds [109,110] where physical properties are changed
dramatically, ranging from metallic to insulating depending on n. The formation of such reduced oxide

phases can be described in terms of the elimination of a plane of oxygen atoms [110].
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Figure 2.7 The phase diagram of titanium oxides [111]

2.3.2 Electronic states of TiO,

As mentioned in the previous section, TiOs octahedral clusters are basic structural units in anatase and
rutile structures of TiO,. The electronic states associated with such octahedral constitute a determining first
approximation for understanding the electronic structures and properties of TiO, polymorphs. Electronic
states of TiOg clusters can be viewed as the atomic states modified by specific crystal fields or as the

overlapped atomic state (molecular orbitals) between atoms.
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First, the Ti 3d atomic states are split by the octahedral ligand field of the oxygen ions. For a regular TiOg
octahedron (O, symmetry), by approximating the oxygen anions as point charges and by treating the
resultant electrostatic potential as a small perturbation, it can be explicitly shown that the Ti 3d states are
split into a two-fold degenerate eq state and a three-fold ty, state [112,113]. When the octahedron is distorted
to lower symmetries such as Dg, (tetragonal) and D, (orthorhombic), the ey and t,4 states are further split
(Figure 2.8 (a)).

3eq
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Ti MO 0]
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Figure 2.8 (a) Splitting of Ti 3d atomic states by the octahedral ligand field of oxygen anions with
symmetries Oy, (regular octahedron), Dy, (tetragonal distortion) and D,, (orthorhombic distortion)
respectively; (b) Schematic energy level diagram of the molecular orbitals (MO) formed by Ti 3d and
O 2p atomic levels

To construct the molecular orbitals (MO) of the TiOg clusters, however, oxygen anions can no longer be
approximated by point charges, because O 2p orbitals also widely extend in space. In fact Ti 3d orbitals and
O 2p orbitals overlap in places where they have the same symmetry. Mixing of the atomic orbitals gives rise
to the upper antibonding and lower bonding molecular orbitals, as illustrated by the schematic atom-MO-
atom energy level diagram in Figure 2.8 (b).

The O 2p levels are lower than the Ti 3d levels, so correspondingly the lower bonding molecular orbitals
are mainly composed of O 2p states, whereas the upper antibonding molecular orbitals are mainly derived
from Ti 3d states. The antibonding part of the present diagram corresponds largely to the ligand-field-split Ti
3d states shown in Figure 2.8 (a).

Though the MO model is a highly empirical approach, it is useful for the interpretation of the X-ray
photoelectron spectroscopy valence band spectra presented in the next chapters. Moreover, the MO model
links directly the electronic structure and properties to local structural characteristics such as chemical bonds,

symmetry distortion, and defects.
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2.3.3 Electrical and optical properties of TiO,

Substoichiometric TiO,, is both a poor insulator and a modest semiconductor. Therefore several attempts
have been made either to control the oxygen vacancy concentration or to introduce charge carriers (doping)
inside TiO, in order to increase or decrease the electrical conductivity, depending on the desired application.
During the last 40 years, almost half the atoms of the periodic table have been incorporated into TiO..

The majority of dopants enhance the n-type semiconducting properties of TiO,. These dopants include
niobium (Nb), tantalum (Ta), vanadium (V), fluorine (F) and hydrogen (H). Dopants that change the film to
being p-type include aluminium (Al), iron (Fe) and indium (In). Additionally, dopants such as aluminium,
iron, chromium and cadmium are known to extend the photoactive response from the TiO, film under visible
light.

As a wide band gap semiconductor TiO, crystals have a high resistivity (in the order of 10" Qcm [110]).
When TiO; is reduced its n-type conductivity increases according to the extent of oxygen loss. Oxygen
vacancies and/or Ti®" interstitials are interpreted to be the donor centers in reduced TiO».

The charge carrier mobility in rutile is low (see Table 2.2), leading to a controversy over the nature of the
carriers. Bogomolov et al. [114,115] have proposed that charge carriers behave as small polarons. A small
polaron is an electron (or hole) self-trapped by the local lattice polarization which itself is generating [116].
As self-trapped localized states, small polarons proceed via hopping from site to site. In rutile a decreasing
mobility for higher temperatures is attributed to phonon scattering. This suggests that the carriers are large
polarons and not localized small polarons because the latter become more mobile at higher temperatures due
to thermally activated hopping between the atoms [113]. However the mobility may decrease if the small
polarons diffuse by tunnelling.

In contrast to rutile, anatase shows a significantly higher Hall mobility and a bandlike conduction behavior
[87]. Therefore carriers are less likely to be small polarons in anatase than in rutile.

High concentrations of donors lead to the formation of impurity bands in anatase and rutile [87]. When the
impurity concentration exceeds a critical value, the impurity-band conduction can become metallic. The
impurity-band conduction and the non-metal to metal transition have been experimentally observed and
theoretically analyzed for oxide semiconductors [116]. A model of this transition has been developed by
Mott, discussed in detail in Section 2.2.3 in this chapter [8]. A transition to metallic behaviour has been
observed in heavily reduced/doped anatase thin films [87], but not in similarly reduced rutile films
[87,89,92].

Rutile and anatase are wide band-gap semiconductors with the valence band consisting of O 2p states and
the conduction band formed of Ti 3d states [70]. The values of the band gap are listed in Table 2.2.

Depending on the degree of reduction of rutile TiO, the appearance of a blue colour has been reported
[89,114]. It has been found that this blue colour arises from the visible tail of an infrared absorption band
peaking at about 0.75 to 1.18 eV [114]. In anatase the blue colour has been observed, too [83,117]. As in the
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case of rutile, it is caused by a wide absorption band with its maximum in the infrared region. In addition, a

colour center at 3 eV due to an oxygen vacancy has been identified giving rise to a yellow colour [117].

2.3.4 Water adsorption on TiO, surfaces

The interaction of water with TiO, surface has been of intense interest in recent years. To illustrate, many
of the applications, almost all photocatalytic processes, are performed in an agueous environment. In
addition, TiO, exposed to air will always be covered by a water film and the presence of water can affect
adsorption and reaction processes.

A variety of experimental and theoretical techniques has been used for investigating this interaction
[104,116,118-125]. The principal ambiguity in the studies referred to water interaction with TiO, surfaces
was whether the water is absorbed dissociative or non-dissociative [126].

There are some experimental studies with regard to the surface properties and adsorption mechanisms of
water on rutile TiO, [110] surface. Using synchrotron radiation and photoemission spectroscopy Kurtz et al.
[123] reported that water molecules adsorbed on the perfect (stoichiometric) rutile [110] surface molecularly
or dissociatively depending on temperature. Hugenshmith et al. [124] studied interaction of H,O with rutile
TiO, [110] surface by temperature programmed desorption (TPD), x-ray photoelectron spectroscopy (XPS)
and work function measurements. They reported that water is mainly molecularly adsorbed and not
dissociated on this surface. The same result was reported by Henderson et al. [127] by performing high
resolution electron energy loss spectroscopy (HREELS) and TPD studies, pointing that dissociation of water
may be linked to structural and/or point defects. But Brinkley et al. [128] reported molecularly adsorbed H,O
on rutile TiO, [110] surface using modulated molecular beam scattering and TPD studies. Recent scanning
tunneling microscope (STM) studies, most notably the ones published by Brookes et al. [129] and Schaub et
al. [130] support the earlier experimental results that dissociative adsorption occurs at defects or at oxygen
vacancies as active sites for water dissociation. Molecular adsorption is more favourable than dissociation on
the defect-free surface.

Beside the experimental studies, there are also many theoretical studies about adsorption reactions and
surface properties on rutile TiO, [110]. Goniakowski et al. [131] found that dissociative adsorption of water
molecule is thermodynamically more stable than molecular adsorption. Lindan et al. [132] also indicated that
dissociation of the water molecule is thermodynamically favoured on low coverages but both molecular and
dissociative adsorption were confirmed at high coverages by use of both density functional theory (DFT) and
Hartree-Fock (HF) methods. Casarin et al. [133] and Stefanovich et al. [125] predicted that molecular water
adsorption is more favourable than dissociative chemisorption. Menetrey et al. [134] performed periodic
DFT calculations to study the effect of oxygen vacancies. They found that the reactivity at reduced surface
differs from that on the stoichiometric perfect surfaces. The dissociative adsorption energy for reduced
surfaces is lower than on the perfect surface. Perron et al. [135] performed periodic DFT calculations and it

was determined that molecular adsorption of water is energetically favourable but dissociative one can also
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be envisaged because it can be stabilized with hydrogen bonding. Kamisaka et al. [136] studied the surface
stresses and adsorption energies of clean and water-adsorbed [110] and [100] surfaces of rutile. Two forms
of water, molecularly and dissociatively adsorbed water, and water adsorbed at surface oxygen vacancies,
were studied. In their calculations, the H,O molecular absorbate had larger adsorption energy than that of the
H.,0 dissociative absorbate.

Only few experimental studies with regard to the surface properties and adsorption reactions of water on
TiO,-anatase surfaces were reported. Srnak et al. [137] reported that they observed two states of water
desorption from vacuum TPD studies. Vittadini et al. [138] investigated structure and energetics of water
adsorption on TiO,-anatase different surfaces by use of DFT calculations. The results support the idea that on
the anatase surface, basically two distinct states of the adsorbed water are present, one related to
undissociated water on the [101] and [100]/[010] majority surfaces, and the other to dissociated water on the
anatase [001] minority surface. The latter can also account for the residual hydroxyl groups observed after
heating the surface.

Onal et al. [139] have performed a cluster study with regard to water adsorption on anatase TiO, [101] and
[001] surfaces. The results indicate that the favorable adsorption mode of water depends on the surface
relaxations. Molecular water adsorption is more favorable on relaxed [101] than dissociative water
adsorption; however, on the fixed cluster it is seen that the opposite situation is valid. Non-activated
dissociation of water takes place on relaxed [001] cluster while on fixed [001] cluster molecular adsorption

is found to be more favoured.

2.3.5 Oxygen vacancies and other impurities in TiO,

TiO, is a nonstoichiometric compound, which has been generally considered as an oxygen-deficient
compound, TiO,, [140]. The most notable point defect of pure TiO, called native point defects, are oxygen
vacancies and interstitial titanium atoms. Recent studies have shown that strong oxidation of TiO, (at
elevated temperatures) leads to the formation of a metal-deficient oxide [141]. In this case, TiO, may be
represented by the formula Ti;«O, or, more precisely Ti;O,.,, where x > y/2 [142], leading to p-type
properties. The formation and the transport of titanium vacancies were found to be extremely slow, their
concentration remaining practically independent of oxygen activity [142].

The most commonly applied representation of defect disorder is in the form of defect diagrams, which are
based on simplified charge neutrality conditions, valid over narrow regimes of nonstoichiometry. Although
these diagrams may be used for the verification of defect disorder models they do not inform on defect
concentrations.

An oxygen vacancy is formed by the transfer of an oxygen atom on a normal site to the gaseous state. In

the Kroger and Vink notation [143], the chemical reaction is written in the following way:
09 & V§ +30, (2.25)

where O, is an oxygen ion on a normal lattice site and V5 is a neutral oxygen vacancy.
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The two trapped electrons (e’) associated with the oxygen vacancy may, depending on the temperature, be
excited and freed from the vacancy. In this case, the vacancy acts as a donor and becomes singly (V) or
doubly (V) charged [144]:

ViV, + e’ (2.26)
VooV +e’ (2.27)

An interstitial titanium is created in the following way:
Tip; & Ti;* + Vi of Tip; & Ti; + Vi) (2.28)

where Tiz; is an titanium ion on a normal lattice site, Ti;- or Ti;~ are interstitial titanium (three or four times

nrr

charges), and V" or V' are titanium vacancy (three or four times charged).
The nonstoichiometric regimes, the related charge neutralities and the effect of oxygen activity on the
concentrations of specific defects for undoped TiO, have been published in the work of Nowotny et al. [142]

and is shown in Figure 2.9 (a).
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Figure 2.9 (a) Defect diagram based on simplified charge neutrality conditions for pure TiO,; (b) Defect
disorder diagram for pure TiO, at 1273 K showing the effect of oxygen activity in the concentration of
ionic and electronic defects, where | x | is the absolute value of the deviation from stoichiometry

Figure 2.9 (b) shows the defect diagram in terms of the concentration of defects as a function of oxygen
activity at 1273 K [145]. As seen, the concentration of electronic charge carriers and the related electrical
properties of undoped TiO, are closely related to oxygen activity, which may be used for the imposition of

both n- and p-type properties as well as mixed conduction.
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Nowotny [142] has proposed a band model of TiO, showing the energy levels of intrinsic lattice defects,
shown in Figure 2.10 (a). As seen in Figure 2.10 (a), both oxygen vacancies and titanium interstitials form
donor levels [146,147] and titanium vacancies form acceptors [148].

For years oxygen vacancies have been investigated using a variety of spectroscopic techniques. Whether
titanium interstitials or oxygen vacancies are the dominant defects has not been definitively established
[104]. It is generally believed that, under weakly reducing conditions or low annealing temperatures (below
870 K in vacuum), oxygen vacancies are predominant. In the more reducing conditions and higher annealing
temperatures (above 1070 K in vacuum) titanium interstitials become more important [110].

When impurities are incorporated into TiO,, they can dissolve inside the crystallites, or settle in the grain
boundaries. They can also agglomerate, if the maximum solubility is exceeded, as precipitates either at the
center of crystallites or at the grain boundaries. The diffusion of atoms in solids can take place via a number
of mechanisms [149]. For metal oxides in general, diffusion typically occurs via one of three mechanisms:
interstitial, vacancy and interstitialcy.

The diffusion of an atom according to the interstitial mechanism takes place when that atom migrates from
one interstitial site to a nearest neighbour interstitial site without permanently displacing any of the matrix
atoms [149]. In order for such migration to occur, the regular lattice atoms which separate the two interstitial
sites involved must dilate sufficiently. Hence, this mechanism proceeds more readily when the diffusing

atoms are much smaller than the lattice atoms, and otherwise have a tendency to occupy interstitial positions

in the lattice.
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Figure 2.10 (a) Band model of TiO, showing the energy levels of intrinsic lattice defects; (b) The effect
of oxygen activity on the electrical conductivity for both undoped TiO, and Nb-doped TiO, at 1273K
showing the oxygen activity regimes governed by different charge neutrality conditions
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The unavoidable presence of vacant lattice sites in all solids allows for vacancy mechanism. Diffusion via
this mechanism involves the jumping of a lattice atom into an adjacent vacancy site, both filling and creating
a vacancy in the process. In general, unlike the interstitial mechanism, the required lattice distortion required
for diffusion via this mechanism is small [149]. Rather, the probability of such a jump occurring is dependent
upon the number of adjacent vacant sites.

The interstitialcy mechanism involves the migration of an atom in an interstitial site to a regular lattice site,
whereby it has displaced this lattice atom into a neighbouring interstitial site. This mechanism is favourable
over the interstitial mechanism when the interstitial atoms are relatively large (or of comparable size to the
host atoms), and so the required distortion for diffusion via the interstitialcy mechanism is similarly very
large [149].

The interstitialcy mechanism can occur in several ways [150], depending upon the direction in which the
regular lattice atom is displaced.

Donor doping of TiO, is achieved by the incorporation of cations of valence greater than 4+ into regular Ti
lattice sites. Upon substitution, the excess valence electrons associated with the dopant cation are
compensated in order to maintain lattice electroneutrality. In our work, niobium (5+) was used as impurity
for donor doping of TiO,.

The defect disorder of Nb-doped TiO, can be divided into several specific regimes of behaviour, depending
on the oxygen activity [140]. Under strongly reducing conditions, the concentration of defects related to the
incorporation of a dopant (extrinsic defects) is smaller than those associated with a deviation from
stoichiometry (intrinsic defects). Consequently, the defect disorder in this regime reflects that of undoped
TiO,. The predominant ionic defects are either doubly charged oxygen vacancies or triply charged titanium
interstitials depending upon the donor concentration.

In a first reduced regime, defect disorder is dominated by the electronic compensation of the incorporated
donor species. The incorporation can be written in this way:

Nb,05 < 2Nbiy; + 404 + 2e’ + 1/20, (2.29)
where O, is an oxygen ion on a normal lattice site, Nbiz; is a Nb atom replacing a titanium atom, V7 is a
titanium vacancy. In this regime, the concentration of electrons is independent of oxygen pressure.

In a second reduced regime, defect disorder is dominated by the ionic compensation of the donor, via the
formation of titanium vacancies. The incorporation of niobium can thus be described by the following
equilibria condition:

2Nb,05 < 4Nbiy; + V;2 + 100, (2.30)

In an oxidized regime, defect disorder is once again determined by intrinsic defect species, and behaviour
reflects that of undoped TiO,. For a donor-doped metal oxide, the observation of this regime requires the
imposition of very high oxygen activity.

Nowotny [140] has proposed a defect disorder diagram for both undoped- and Nb-doped TiO, are
represented in terms of electrical conductivity data as a function of oxygen activity at 1273 K, shown in

Figure 2.10 (b). The plot indicate that the p(O,) range in the strongly reduced regime for un-doped TiO; is
-37 -



2. Background

much wider than that for Nb-doped TiO,, the later depending on Nb concentration. Oxidation of undoped
TiO, results in the transition to reduced regime and to the oxidised regime. The p(O,) range in the strongly
reduced regime for Nb-doped TiO; is very narrow. Oxidation of Nb-doped TiO, results in the transition to
the reduced regime I in which the electrical conductivity is independent of p(O,), and, ultimately, to the
reduced regime II.

It was shown that TiO, exhibits a complex defect disorder, involving a number of intrinsic point defects, as
well as extrinsic defects. The properties of TiO, may be enhanced through the imposition of an optimized
combination of the individual lattice species. Oxygen activity is closely related to defect disorder of TiO, and

the related properties.

2.4 Fundamentals of ZnO

Zinc oxide is a I1-VI1 wide band-gap (~3.4 eV) semiconductor which, due to its remarkable properties, has
been subject of intensive research in the last decades [151-154]. Zinc oxide (ZnO) has been used in many
fields over the years, from rubber and concrete industries to medicine and cosmetics. More recently, ZnO has
been implemented in TCO applications, such as solar cells [155], liquid crystal displays (LCDs), or energy
saving/heat protecting windows [156].

Other advantages of ZnO are the resistance to high energy radiation, which makes it suitable for space
applications, as well as the stability to wet chemical etching, which can be exploited for the fabrication of
small size devices. Moreover, the high exciton binding energy (60 meV) makes it a strong candidate for UV
light emitters. Zinc oxide also proved to be a promising gas sensor, due to the reversible changes
encountered by its surface conductivity upon exposure to different gases [157-159]. Ferromagnetism was
obtained by doping zinc oxide with various transition metals, such as Mn, Co, V, Sc, Ti, Ni, Cr, Fe or Cu.
The ZnO nanostructures can be used in (nano) sensors [160], field effect transistors (FETs) [161], lasing
[162], hybrid solar cells [163], or for manufacturing AFM cantilevers [164]. Zn is more abundant than In and
Sn and less toxic than Cd, which makes ZnO a desired alternative for ITO.

One of the most popular growth techniques for early ZnO investigations was sputtering (dc sputtering, rf
magnetron sputtering, and reactive sputtering). As compared to sol-gel and chemical-vapor deposition the
magnetron sputtering was a preferred method because of its low cost, simplicity, and low operating
temperature.

Recently, some researchers have drawn attention to the role of hydrogen in the electronic properties of
Zn0 [165,166]. H-related defects other than oxygen vacancy (Vo) and Zn interstitial (Zn;) result in the n-type
conduction of undoped ZnO thin films. Experimental results have confirmed that hydrogen is an effective
doping element for improving the conductivity of ZnO films [167-171].The behavior of hydrogen in ZnO is
highly unusual. In almost all semiconductors studied to date, interstitial hydrogen has been found
(theoretically as well as experimentally) to act as an amphoteric impurity [172]. This amphoteric behavior

precludes hydrogen from acting as a dopant, i.e. from being a source of conductivity.
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In this section the physical, electrical, electronic and optical properties of ZnO are discussed. Later the
adsorption of H, and H,O at ZnO polar surfaces and the effect of native point defects and hydrogen as donor

impurity on the properties of ZnO are described.

2.4.1 Crystal structure of ZnO

The possible crystal structures of ZnO are hexagonal wurtzite, cubic zinc blende, and cubic rocksalt. At
ambient conditions, ZnO crystallizes in the hexagonal wurtzite-type structure, shown in Figure 2.11 (a). The
zinc-blende structure of ZnO can be stabilized only by growth on cubic structure substrates, and the rocksalt
(NaCl) structure may be obtained at relatively high pressures.

In Table 2.3 a summary of the most important physical properties of wurtzite structure of ZnO is given.

Table 2.3 Properties of wurtzite ZnO [173]

c=5.2069 A, a=3.2495 A

Lattice parameters at 300 K u=0.345. c/a=1.602

Density (solid) 5.606 g/cm’
Melting point 1975°C
Refractive index 2.008

Energy gap at 300 K ~3.4 eV, direct
Electron mobility at RT for 2
lightly doped n—t);/pe Zn0O 200 cm*/Vs
Electron effective mass 0.24m,

The wurtzite structure has a hexagonal unit cell with two lattice parameters, a and c, in the ratio of
§= 8/3 = 1.6333 and belongs to the space group of Cg, or P6;mc. The structure is composed of two

interpenetrating hexagonal-close-packed (hcp) sublattices, each of which consists of one type of atom
displaced with respect to each other along the threefold c-axis by the amount of u =3/8=0.375 (in an ideal
wurtzite structure) in fractional coordinates (the u parameter is defined as the length of the bond parallel to
the c axis, in units of ¢). Each sublattice includes four atoms per unit cell and every atom of one kind (group-
I atom) is surrounded by four atoms of the other kind (group V1), or vice versa, which are coordinated at the
edges of a tetrahedron.

In a real ZnO crystal, the wurtzite structure deviates from the ideal arrangement, by changing the c/a ratio
or the u value. It should be pointed out that a strong correlation exists between c/a ratio and the u parameter.
When the c/a ratio decreases, the u parameter increases in such a way that those four tetrahedral distances
remain nearly constant through a distortion of tetrahedral angles due to long-range polar interactions. These

two slightly different bond lengths will be equal if the following relation holds:
1 2 1
u=(3)(%)+3 (231)
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Since the c/a ratio also correlates with the difference of the electronegativities of the two constituents in the
structure, components with the greatest differences show the largest departure from the ideal c/a ratio.

The deviation from the ideal values has been related to several factors including: lattice stability, strain,
ionicity and carrier density. The presence of defects such as Zn antisites, oxygen vacancies, impurities and
dislocations also have been known to contribute to a deviation in the lattice parameter of ZnO. The
deformation of ZnO lattice with applied pressure has also been observed. The tetrahedral coordination in
ZnO results in a non-central symmetric structure.

Another important characteristic of ZnO structure is that is having polar surfaces. A formal definition for
polar surfaces can be obtained by considering the projection of the dipole moment related to the bulk unit
cell (which is different from zero because of the non-center symmetric structure) on the surface normal. If,
for a given surface orientation, this projection is non-zero, the term ‘polar surface’’ is used. The presence of
a finite dipole moment per surface unit cell for polar surfaces gives rises to an electrostatic field which scales
with the thickness of the crystal. As a result, the “‘ideal’’ surface geometry of a polar surface obtained by a
simple truncation of the bulk structure with ions of the same formal charge as in the bulk is not stable.

++
Znds

(0]

(@) (b)
Figure 2.11 (a) Schematic representation of a wurtzitic ZnO structure having lattice constants a in the
basal plane and c in the basal direction; u parameter is expressed as the bond length or the nearest-
neighbor distance b divided by c (0.375 in ideal crystal), and « and f (109.47¢° in ideal crystal) are the
bond angles, (b) Schematic of the band structure of ZnO.

In wurtzite ZnO, besides the most stable polar plane [0001], two non-polar surfaces [1010], [1120] and one
polar surface [0001] exist in the structure [151]. The [0001] plane is different from [0001] plane, where
[0001] corresponds to the bond direction from anion to cation along the c-axis. It is a common practice to
refer the polarity as Zn polarity if the bonds are directed from Zn to O in the c-axis and O polarity for the
reverse condition.

These stability issues of polar surfaces were first discussed by Tasker, and the algorithm used to decide
whether a surface of an ionic crystal is instable or not is referred to as Tasker’s rule [174].There are different

possibilities to remove this instability. The first one is a charge transfer between the two different polar
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surfaces without a significant rearrangement of the geometric positions. The second one is a reconstruction
changing the geometry of the surface. The third one involves the adsorption of charged adparticles. This
instability of the polar surfaces of ionic crystals scales with the size of the specimens so that, in principle,
polar surfaces of very small oxide particles could be stable. For macroscopic samples, however, the
electrostatic field referred to above becomes so large that either the electronic or geometric structure of the
surface has to change. Most polar metal oxides surfaces undergo a major structural rearrangement, the
precise nature of which strongly depends on the particular metal oxide [175].

Surprisingly, most previous studies carried out for the two polar ZnO surfaces, the O-terminated O-ZnO
surfaces (or ZnO [0001]) as well as the Zn-terminated Zn-ZnO surface (or ZnO [0001]), have failed to
observe any reconstruction [176-178]. This apparent absence of a reconstruction of the two polar ZnO
surfaces, O—ZnO and Zn-Zn0O, has led very early [179] to the suggestion that in case of ZnO a stabilization-
mechanism different from that seen for other oxide surfaces comes into play. Instead of a removal or
repositioning of the zinc or oxygen ions it was proposed that there is a transfer of charge between the Zn—
ZnO and the O-ZnO surface. Such a charge transfer would lead to the build up of an electric field which
could in principle compensate the electric field giving rise to the electrostatic instability intrinsic to a polar
surface. A transfer of electrons from the O—ZnO face to the Zn-ZnO face will also lead to the formation of
partially filled surface bands, a situation which is quite common for polar semiconductor surfaces [180]. As a
consequence of the presence of partially filled surface states, both polar surfaces would in fact be metallic.
Such a charge transfer mechanism has so far not been observed experimentally for any oxide surface.

Donor or acceptor impurities can be introduced in ZnO lattice [154,181]. The group-IIl impurities B, Al,
Ga and In when substituted on the Zn site act as shallow donors in ZnO. The extra valence electron of these
impurities is loosely bound and occupies effective-mass states near the conduction band minimum at low
temperatures. As the temperature rises this extra electron is excited to the conduction band and is free to
move. Fluorine has one more electron than O, and when inserted on the O site it acts as a shallow donor in
Zn0.

Lithium (Li) may behave both as a donor and as an acceptor in ZnO [182]. The donor behavior arises when
Li occurs as an interstitial impurity; the acceptor behavior is exhibited when Li substitutes on a Zn site.
Despite the size difference between Li and Na, it is expected that Na also shows an amphoteric behavior,
acting as an acceptor when substituting for Zn and as a donor when occupying interstitial sites.

Copper (Cu) acts as a deep acceptor in ZnO. It can be used to reduce the carrier concentration in n-type
ZnO by acting as a compensating center [183].Cu has been mentioned as the source of green luminescence
[184]. It is likely that Cu is one of the causes, noting that not all samples that exhibit green luminescence are
shown to contain Cu impurities. Nitrogen is thought to be the most suitable p-type dopant due to both

atomic-size and electronic-structure considerations.
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2.4.2 Electronic states of ZnO

The band structure of ZnO was first calculated in 1969 using Greens function and followed up soon after
with experimental results from x-ray induced photo-emission spectroscopy and UV photoemission
measurements. The results were controversial and remained contradictory for many years [151,185]. More
recently, advances in the computational methods allowed for a most detailed calculation of the ZnO band
structure, using the linear muffin tin orbital method [186].

The band structure of ZnO is shown schematically in Figure 2.11 (b). The conduction band (CB) with
symmetry I'; contains the empty 4s levels of Zn**. The valence band (VB) contains the occupied 2p levels of
O". The VB is split by the hexagonal crystal field and by spin orbit coupling into three, two fold degenerate
sub-VBs, which are called from top to bottom A, B and C VB in all wurtzite type semiconductors. The usual
ordering is AI';, BTy and CT.

2.4.3 Electrical and optical properties of ZnO

The dominating n-type character in ZnO has often been attributed to the presence of intrinsic native defects
such as O vacancies (Vo) and/or Zn interstitials (Zn;). However, there is still a great deal of controversy over
which of these two defects is the dominant cause of the n-type character [187]. Some researchers have
suggested that Vo are deep-level states [188] and are therefore not likely to be the dominant cause of n-
doping in un-intentionally-doped ZnO films. Recently, some researchers have drawn the attention to the role
of hydrogen in the electronic properties of ZnO. Hydrogen is usually considered the main cause of n-type
doping in as-grown, undoped ZnO films [189].

The electron concentration, caused by native point defects and/or hydrogen was reported to be 10'-10"
cm’®. For increasing the electron concentration in ZnO, required for degenerately doped ZnO in transparent
conducting electrodes, doping with foreign elements is necessary, and the donors can come either from
group I, i.e., Al, B, Ga, In, Sn, or from group VII, such as F, Br, Cl. If these atoms are incorporated
substitutionally at the Zn and O site, respectively, then they can act as shallow donors and lead to electron
concentrations in the order of 10 cm?,

The mobility in good bulk samples, epilayers or nanorods is about 200 to 500 cm?/Vs at room temperature.
It goes with decreasing temperature through a maximum of 1000 cm?Vs around 100 K and decays at lower
temperature due to scattering with (ionized) impurities. If scattering at grain boundaries comes additionally
into play, e.g. in pressed and sintered samples or in epilayers consisting of small grains, the mobility may be
significantly reduced, at RT to values as low as 10 cm?/Vs or even below.

ZnO is a wide band gap semiconductor. The large optical band-gap of ZnO makes it highly transparent to
visible light. Defects that affect film electrical properties such Vo, Zn; and hydrogen incorporation are
reported to affect also the film transparency. It is the deviation from stoichiometry as a result of the presence

of these intrinsic native point defects that makes ZnO semiconducting.
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The band gap of ZnO can be tuned via divalent substitution on the zinc site. For example, cadmium
substitution can lower the bandgap to 3.0 eV [190] while magnesium alloying can be used to raise the band-
gap up to 4 eV [191].

2.4.4 Hydrogen and water adsorption on ZnO polar surfaces

On the Zn-terminated [0001] polar surface of ZnO, only Zn-atoms are exposed on a substrate with an ideal
(1x1)-structure. As a result, one would expect that the interaction of H atoms with this surface is the weakest
among the differently terminated ZnO surfaces, since the binding energy of Zn—-H bonds should be
considerably weaker than that of O—H bonds. An experimental study using He atom scattering has revealed
that, as one might have expected, exposure of this surface to H leads to the formation of a (1x1) overlayer
consisting of Zn-hydride species [192]. The presence of OH-species after exposure to H-atoms was observed
with XPS (a shoulder at the high-energy side of the O1s XPS peak) and He-TDS [192,193]. The observation
of OH-species on the Zn—ZnO surface implies a major restructuring in the surface region and a subsequent
subsurface diffusion of H-atoms [192].

Experimentally it was observed that fully hydroxylated O—ZnO surfaces are very stable surfaces exposing
to H [194]. In contrast to the experimental findings, general theoretical arguments about the stability of polar
surfaces [174,179,180,195] suggest that a perfect H(1x1) OH-terminated O-ZnO surface is instable. These
considerations reveal that the structure of the O-terminated polar surface of ZnO, both for the clean and the
H covered surface, is not yet fully understood, more work is required to obtain a consistent description of
this surface and in particular of its electronic structure. Recently, also results from IR spectroscopy for this
H(1x1) O-ZnO surface have become available. The IR-data for a ZnO single crystal substrate studied by
Schiek et al. [196] reveal a band at 3572 cm™ which is assigned to the stretch frequencies of surface OH
species. It is very interesting to note that this frequency does not quite agree with the previous results
obtained for ZnO powders exposed to hydrogen, where an OH-induced band at around 3510 cm™ was
observed [197].

Exposing a clean, (1x3) — reconstructed O—ZnO surface (an ordered array of O-vacancies which renders
the surface a very high reactivity) to water results in the formation of the H(1x1) phase [194,198]. This
dissociative adsorption of water already occurs at temperatures as low as 200 K indicating that the activation
barrier for this dissociation is either very low or completely absent [198]. When heating the surface to
temperatures above 550 K the H(1x1) O-ZnO-surface is transformed back to the (1x3)-phase, presumably
via desorption of H,O and H,. In experiments where surfaces resulting from the adsorption of H atoms on the
clean (1x3) O-ZnO surface and from H,O adsorption were compared no differences could be observed. This
is a surprising finding, since the atomistic mechanism must be quite different in the two cases. In case of the
H,O adsorption additional oxygen atoms are deposited on the surfaces which are most likely used to fill up
the oxygen vacancies in the (1x3)-structure, whereas in the case of H-atom adsorption no additional oxygen

is added to the surface. Formally, three H-atoms and one O-atom are needed per unit-cell to transform the
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(1x3) O-ZnO surface to the hydroxyl-terminated H(1x1) O-ZnO. Since there are only two H-atoms
contained in one H,O-molecule, an additional source of H-atoms is needed, e.g. water molecules dissociating
at defect sites (step edges, additional vacancies). Another possibility is the presence of a residual H-atom per
unit cell of the (1x3) O-ZnO surface.

The adsorption of H,O on the H(1x1) O-ZnO surface has been studied by Jacobi [199] and concluded that
on the O-ZnO surface of Zn-doped specimens H,O molecules adsorb dissociatively and interact more
strongly with Zn sites which are present as a result of the doping process than with the oxygen sites. This
result was confirmed ten years later by Zhang, Ludviksson and Campbell [200]. In He-atom scattering
(HAS) experiments performed by Schiek et al. the presence of two different, ordered water adlayers on the
HO-ZnO surface was observed [196].

2.4.5 Native point defects and hydrogen in ZnO

The native point defects in ZnO are oxygen vacancies, zinc vacancies, zinc interstitial, zinc antisites,
oxygen antisites, and oxygen interstitials.

O vacancies and other native point defects are unlikely to be the predominant cause of unintentional n—type
conductivity in ZnO [201]. O vacancy is a deep donor, while Zn interstitials are unstable at room
temperature. Zn vacancies are present as compensating acceptors in n-type ZnO. Other native defects, such
as Zn antisites, O antisites, and O interstitials, have high formation energies. Under normal conditions, they
are probably not present in large concentrations, although O interstitials may be important in O self-diffusion
[202].

The Zn interstitials are shallow donors [203], confirmed experimentally and theoretically with first
principles calculations. They have high formation energies in n-type ZnO and are fast diffusers with
migration barriers as low as 0.57 eV [202]. Therefore, Zn interstitials are not stable at room temperature
[204].

First-principles calculations consistently show that the O vacancy is a deep donor. The position of O
vacancy level was calculated to be 0.5-0.8 eV above the valence-band maximum [205]. Theorists disagree
on whether O vacancies should be present in n-type ZnO. For example, Lany and Zunger [206] predicted
concentrations of ~10*" cm™® or higher, whereas Janotti and Van de Walle [202] claimed that the formation
energy is much too high for significant concentrations to exist at equilibrium.

Zn vacancies are double acceptors. First-principles calculations find the acceptor levels to be 0.1-0.2 and
0.9-1.2 eV above the valence-band maximum, respectively [201,202]. Zn vacancies may account for the
green luminescence in some ZnO samples.

Experimental results on muonium implanted into ZnO [207] and electron-nuclear resonance measurements
[208] on lightly doped n-type ZnO provided evidence that H is a shallow donor. In order to determine the
microscopic structure of H donors, IR spectroscopy was used to measure O—H vibrational modes arising

from these complexes [209].
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H can be introduced in two ways in ZnO crystal structure: substitutional or interstitial. Two models were
proposed by Van de Walle for interstitial H donors [165], shown in Figure 2.12. In one model, H is in the
antibonding (AB,) orientation, attached to a host O atom and pointing away from the Zn—-O bond. Another
model is the bond-centered (BC}) configuration, where H sits between the hosts Zn and O. By measuring the
pressure and polarization dependence of the O—H vibrational mode, and comparing it to the predictions of
first-principles calculations [210], Jokela and McCluskey [211] attributed an IR peak at 3326 cm™* to H
donors in the AB, configuration. Muon-implantation experiments and ab initio calculations [212] indicated
that H donors should reside in the BC) configuration, not the AB, configuration. Experiments by Lavrov et

al. revealed a peak at 3611 cm™*, attributed to H in the BC) configuration [212].

0 -0

Figure 2.12 Models for interstitial H donors in ZnO. Left: anti-bonding (AB),)
configuration. Right: bond-centered (BC) configuration. The dashed lines indicate broken
Zn—0 bonds.

The IR peaks at 3326 and 3611 cm ' are unstable, decaying at room temperature with a time constant of
several weeks [211]. They form a species of “hidden hydrogen” that remains in the crystal. Shi et al. [213]
proposed that the H donors combine to form H, molecules, which are electrically neutral and nearly invisible
to IR. When the crystal is reheated, the H, molecules dissociate and form H donors again. Experimental
verification for H, molecules in ZnO was achieved using low-temperature Raman spectroscopy [214].
Theoretical work by Karazhanov and Ulyashin [215] suggests that two interstitial H atoms can form a H,"
defect, where one H attaches to an O while the other attaches to a Zn. Unlike H, molecules, however, the H,"
defect should have clear IR signatures. Until now, H," has not been observed experimentally in ZnO.

First-principles calculations by Janotti and Van de Walle [216] showed that H can occupy an O
substitutional site and act as a shallow donor. One can think of “substitutional H” as an O vacancy with a
single H atom near the center. The predicted vibrational frequency is ~800 cm™*. The mode has not been
seen, perhaps because free-carrier and two-photon absorptions are too strong in that region of the IR
spectrum. Unlike interstitial H, substitutional H is stable [217]. This makes it a strong candidate for H-related
donors in as-grown ZnO [208]. The calculated electron density suggests that H bonds equally with its four
Zn neighbours [216].
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2.5 Concluding remarks

Coexistence of transparency and conductivity in semiconductors is possible if the band gap is large enough
to avoid visible light absorption (~3 eV). Intentional doping creates free carriers (electrons or holes) which
are responsible for the conductivity. Electron densities are in general high for n-type TCOs (order 10%° cm™)
resulting in degenerate electron systems. The electrical mobility is dominated by scattering mechanisms,
strongly related to the electron concentration. All electronic scattering contributions together influence the
mobility, and determine the upper limit of conductivity. For single-crystalline materials the ionized impurity
scattering is considered to be the most important. Though, as the structural nature of the thin film decrease,
the contribution of grain boundaries becomes ever more important in polycrystalline films. The electrical
conductivity of common n-type TCO materials is around 10 Qcm, whereas the optical transmission can be
as high as 90% in the visible range. Many deposition methods can be used to grow TCOs, and varying
performances are reported. Each deposition method has its own influence on the intrinsic properties as thin
film structure and composition. It is these properties and not the deposition method by itself determining the
electrical and optical performance of the TCO.
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3. Synthesis, methods and materials
characterization

Sputtering is relatively cheap and a quick method of thin film production, offering good uniformity over

large areas, for example in applications such as transparent conducting layers on large scale solar arrays.
An easy control of the parameters is possible using this technique, during the growth or in post-growth
treatment.

In this chapter the technique and the basic parameters that have been used for the preparation of
intrinsically doped-TiO, and ZnO and extrinsically doped-TiO, are described. The thin films were
deposited using RF reactive sputtering technique, possibly followed by a heat treatment. The techniques
used to characterize the structural, electrical, optical and electronic properties of the thin films are briefly

described too.

Contents
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3.2.6 Positron Annihilation Spectroscopy
3.3 Plasma characterization - Optical Emission Spectroscopy (OES)
3.4 References
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3.1 Thin films preparation

3.1.1 RF reactive sputtering technique — basic principles

Sputtering is one of the most versatile techniques used for the deposition of transparent conductors
when device quality films are required. Sputtering process produces films with higher purity and
better controlled composition, provides films with greater adhesion and homogeneity and permits better
control of film thickness [1-3].

The principle of this technique is shown in Figure 3.1 (a). Substrates are placed in a vacuum chamber
facing the target which is composed of the material to be deposited. The sputtering gas is often an inert gas,
generally argon, which is introduced into the chamber to a pressure between 10° to 10% mbar. A high
negative voltage is applied to the target (cathode), while the substrate holder (anode) is connected to the
chamber walls and to the ground or itself held at fixed potential. Under the applied high voltage, the gas is
ionized and a plasma is created between the cathode and the anode. Positively charged ions are accelerated
toward the cathode and their impact sputters atoms off the target. These atoms travel across the chamber and
a fraction of them land on the substrate, resulting in a film that grows in thickness. The deposition rate
depends on many parameters, especially on the pressure inside the chamber and on the power applied to the
target.

Usually the applied frequency is the RF industrial frequency (13.56 MHz). In a low gas pressure discharge,
electrons have a greater velocity than the ions, which are several thousand times heavier. Objects plunged
inside the plasma sustain a more important electron bombardment than ion bombardment, and therefore they
charge negatively until the ion current and electron current are equal. At the RF powered cathode, the
constantly negative potential that appears is called self-bias.

Usually, the substrates are electrically connected to the sputter chamber, while the target makes the second
electrode. A reactive gas is added to the sputter gas in order to deposit oxides from the target. The chemical
composition of the thin films can be varied over a wide range by adjusting the partial pressure of the reactive

gas. Sputtering performed in the presence of a reactive gas is called reactive sputtering.

3.1.2 Experimental set-up

A sketch of the apparatus used for depositing TiO, and ZnO thin films is shown in Figure 3.1 (b). The
substrates are placed on a rotating substrate holder in horizontal position. The distance between the substrate
and the target can be varied. Infrared lamps can heat the substrates up to 420°C. The substrates can be
replaced in the deposition chamber without breaking the vacuum inside, thanks to an introduction chamber.

The substrates are place in a horizontal position and the distance between substrate and target can be varied.
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Figure 3.1. (a) The principle of RF sputtering; (b) Sketch of the apparatus used for
depositing TiO, and ZnQO thin films

Doped-TiO, and ZnO thin films were obtained varying more parameters during the deposition. In Table 1
the conditions used for each experiment are listed. The total gas introduced in discharge was kept in all
experiments at 30 sccm. The base pressure in the deposition chamber before the depositions was 3.9x10° Pa
and during the depositions was kept at 3.99 Pa or 6.66 Pa. Post-growth annealing of the films was carried
out in a quartz tube at 900°C for one hour, with a heating rate of 5°C/min, in vacuum (1.5x10™ Pa). Cooling
was performed under vacuum (1.5x10™ Pa) and typically took several hours.

In the case of TiO, film deposition a disk target was used (99,998% purity, 10 cm diameter). For Nb-
containing TiO, films deposition, two sputtering arrangements were used: a mosaic target composed of TiO,
disk onto which Nb wires are placed (occupying 2% Nb of TiO, target surface) or two separate TiO, and Nb
targets (purity 99.99%, 5 cm diameter), powered by two different RF power supplies. For ZnO thin films
deposition, a ZnO disk target (99,998% purity, 10 cm diameter) was used. In order to improve the film
homogeneity the substrate holder was rotated during the depositions. Usually smaller substrate pieces of
different materials were coated simultaneously. This allowed choosing a suitable substrate for every
characterization technique. In an ideal case, all measurements should be made on the same kind of substrate
to make sure that good correlations can be established between results, but it is often not possible. Glass,
quartz and n-type Si (100) were used as substrates in our experiments. The substrates were cleaned in an

ultrasonic bath before introducing in the deposition chamber, for 10 minutes in isopropanol.
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Table 3.1. Conditions used in each experiment for depositing TiO, and ZnO thin films

Target: TiO,
Gas: Ar, Ar-0, (3-33%) and Ar-H, (3-33%)
Cathode self-bias voltage: from -350 V to -850 V
Target-substrate distance: 2.4, 6.9 and 5.9 cm
Substrate temperature: RT and 350°C
Pressure: 3.99 Pa and 6.66 Pa
Target: ZnO
Gas: Ar and Ar-H; (3-50%)
Cathode self-bias voltage: -550 V
Target-substrate distance: 3 cm
Substrate temperature: RT
Pressure: 6.66 Pa
Target: TiO, and Nb (mosaic target or two separate targets)
Gas: Ar, Ar-0, (3-33%) and Ar-H, (3-33%)
Self-bias voltage to TiO, cathode: from -350 V to -850 V
Nb-doped TiO, Power to Nb target: 1-5 W
Target-substrate distance: 2.4, 6.9 and 5.9 cm
Substrate temperature: RT, 300°C - 420°C
Pressure: 3.99 Pa and 6.66 Pa

TiO,

Zn0O

3.2 Thin films characterization

This section gives an overview of the techniques used to characterize the doped-ZnO and TiO, thin films.
Each sample was characterized, first of all, for its chemical composition and its structure. The electrical and
optical properties were investigated for the obtained films. Using X-ray Photoelectron Spectroscopy, the
work function for doped-TiO, thin films was determined. A study based on a joint use of X-ray
Photoelectron Spectroscopy and optical measurements allowed to define the electronic properties of the films
(valence band edge, Fermi level position, work function, ionization potential and electron affinity). The
defect properties of the films were studied with Positron Spectroscopy. The chemical species present in

various plasmas used in deposition process were investigated by Optical Emission Spectroscopy.

3.2.1 Structure and morphology determination

Thin films deposited by sputtering are made of small grains that can be crystalline or amorphous. The size,
shape and stacking of the grains are part of the film morphology. For example, the films may show a
compact or a columnar structure depending on deposition parameters like reactive gas pressure or substrate
temperature [4].

X-ray diffraction (XRD) was used to determine if the film is amorphous or polycrystalline and, in the latter
case, the crystallite size. Scanning Electron Microscopy (SEM) images give information about surface

morphology of the samples.
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Film thickness

Film thickness determination was performed using a Surface Profiler (Tencor Instruments). The profiler
scans a tip over the sample surface while recording its vertical position. The tip is pressed on the surface with
a constant force (2 mg). Measurements paths included sections on the substrate, which were under the mask
during the deposition (un-coated), and sections coated by the thin film. The height diference measured be
between the two surfaces gives the film thickness. The film thickness is the average over more measurements
(more than 5 usually). The film thickness measured by profilometer was used as a starting value in the fitting

process during the analysis of the optical measurements.

X-ray Diffraction (XRD)

If the sample is a crystal, x-rays are diffracted only in directions verifying the Bragg condition:
2d sinf = nA (3.1

where d is the distance between crystal planes, 26 the Bragg angle, n an integer, and A the wavelength of the
x-rays. Each crystal has its own signature: the position of the peaks depends on the crystal symmetry and on
the size of the elementary cell of the lattice. Crystalline phases present in a sample can be identified by
comparison with x-ray diffraction curves compiled in standard databases [5,6].

The shape of each Bragg peak results from a convolution of the crystallite size, of the experimental
resolution function, and of internal stress. If we assume that stress is weak and if the resolution of the setup is
good enough, the size can be calculated from the full width at half maximum (FWHM) of the peak with

Scherrer’s equation [7]:

Size = —224 (3.2

width cos 6

where width = VFWHM?2 — GW 2 is in radian, and GW is the diffractometer broadening.

The phase structure of the films was determined by using a Seeman-Bohlin (grazing angle configuration)
X-ray diffractometer with Cu K, radiation at an incident angle of 3 in steps of 0.02° (ltalstructures
APD2000).

Scanning Electron Microscopy (SEM)
The SEM images were acquired with an in-lens detector at the working distance of 4 mm, by using the
accelerating voltage of 5 kV (Field Emission SEM, Ultra 55, Carl Zeiss).

3.2.2 Chemical composition

X-ray Photoelectron Spectroscopy (XPS) was used to investigate the core-levels and the valence band of

doped-TiO, and ZnO thin films. The oxides stoichiometries were derived from the XPS analysis. Using
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Fourier Transform Infrared Spectroscopy - Attenuated Total Reflectance (FTIR-ATR), the hydrogen

adsorption or/and incorporation in films was investigated.

X-ray photoelectron spectroscopy (XPS)

Photoelectron Spectroscopy is based on the measurement of the energy of electrons emitted from a surface
bombarded by a beam of x-rays [8]. Each atom has its own signature. One of the most important capabilities
of XPS is its ability to measure shifts in the binding energy of core electrons resulting from a change in the
chemical environment of the emitting atom. In this way the degree(s) of oxidation of each atomic species can
be measured. The depth penetration of this chemical analysis is only a few nanometers (typically 25 A in
depth), thus surface contamination and surface oxidation have a great influence on the results and samples
must be carefully prepared to obtain valuable information.

The XPS studies were performed on samples using a SCIENTA ESCA 200 spectrometer with a
monochromatic Al Ka X-ray source (1486.6 eV). The experiments were performed under ultrahigh vacuum
(2x10°® Pa) conditions without any additional in situ cleaning procedure. Photoemission spectra showed that
carbon and water are the only surface contaminants for all of the investigated films.

The spectra of C 1s, O 1s and Ti 2p, Nb 3d, Zn 2p core lines were acquired at 150 eV pass energy
(resolution of 0.4 eV), while the valence band (VB) spectra were acquired at 300 eV pass energy. Due to the
electrostatic charging of the surfaces, the spectra were corrected for the binding energy shift using as
reference the binding energy of C 1s (285 eV). All the binding energies are given with respect to Fermi level.
The deconvolution procedure fitting the high-resolution spectra of the core levels was performed with
combined Gaussian-Lorentzian functions, after a Shirley-type background subtraction.

The chemical composition of doped-ZnO and TiO, films was determined, using the Scienta atomic
sensitivity factors of 0.296 for C 1s, 0.711 for O 1s, 1.798 for Ti 2p, 2.517 for Nb 3d and 3.354 for Zn 2pzy,.
ZnO and TiO, oxide stoichiometry were derived.

Fourier Transform Infrared Spectroscopy - Attenuated Total Reflectance (FTIR-ATR)

Infrared spectroscopy is a widely used technique that for many years has been an important tool for
investigating chemical processes and structure. The combination of infrared spectroscopy with the theories
of reflection has made advances in surface analysis possible. Specific IR reflectance techniques may be
divided into the areas of specular reflectance, diffuse reflectance, and internal reflectance. The latter is often
termed as attenuated total reflectance. This technique allows qualitative or quantitative analysis of samples
with little or no sample preparation which greatly speeds sample analysis.

An attenuated total reflection instrument operates by measuring the changes that occur in a totally
internally reflected infrared beam when the beam comes into contact with a sample. An infrared beam is
directed onto an optically dense crystal with a high refractive index at a certain angle. This internal
reflectance creates an evanescent wave that extends beyond the surface of the crystal into the sample held in

contact with the crystal. There must be good contact between the sample and the crystal surface, because the
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evanescent wave only extends beyond the crystal 0.5 x - 5 u. In regions of the infrared spectrum where the
sample absorbs energy, the evanescent wave will be attenuated or altered. The attenuated energy from each
evanescent wave is passed back to the IR beam, which then exits the opposite end of the crystal and is passed
to the detector in the IR spectrometer. The system then generates an infrared spectrum. The refractive index
of the crystal must be significantly greater than that of the sample or else internal reflectance will not occur —
the light will be transmitted rather than internally reflected in the crystal. Typically, ATR crystals have
refractive index values between 2.38 and 4.01 at 2000 cm™. It is assumed that the majority of solids and
liquids have much lower refractive indices.

ATR-FTIR spectra were acquired for ZnO thin films using an Equinox 55 spectrometer (Bruker Optics)
equipped with an ATR Silver Gate (Specac) device. The analyses were carried out in the 350-4000 cm™
range with a resolution of 4 cm™. The broad absorbance band which appears in the 2600-3800 cm™ interval
was studied in particular which includes the C—H stretching bands (~3000 cm™) overlapped to broad O-H
stretching bands (3800+2600 cm™).

3.2.3 Electrical properties

Room temperature measurements of the electrical resistivity and Hall mobility were performed using a
standard van der Pauw four-point probe technique [9]. In general the electrical connections are either wire
bonded, or attached to the film surface by conducting silver glue. In our case, the connections were pressed
directly to the film surface.

The resistivities for the obtained films were measured by van der Pauw method and the carrier density and
the mobility by Hall effect measurements. The electrical measurements setup is an RH 2030 PhysTech
instrument. This setup allows measurements on low as well as high resistive samples. In order to perform
Hall effect measurements, the samples can be placed in a permanent magnetic field. In our measurements,
this field was kept at 0.88 T. The obtained data provides information concerning carrier type and the carrier

concentration according to (for an n-type semiconductor):

_IxB
H — gn-d

(3.3)

If a current | is applied to a sample with thickness d in a perpendicular magnetic field B, the moving charge
carriers are deflected by the Lorenz force. A potential difference Vi will build up perpendicular to both the
current flow and magnetic field. The accumulation of charge continues until the counteracting electrostatic
force cancels the magnetic force on the moving charges. From the polarity of the potential difference Vy it is
possible to distinguish between electrons or holes as the majority of charge carriers. If Vy, is plotted against
B, the carrier type and carrier density can be deduced from the sign and slope of the graph, respectively.

Combined with the resistivity data, the carrier mobility can be calculated from (for n-type semiconductor):

(3.4)
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3.2.4 Optical properties

Optical transmission, absorption and reflection data was collected with a double beam spectrophotometer
(JASCO V-670), capable of measuring in the wavelength range 190-2700 nm. A deuterium lamp is used for
190-350 nm region and a halogen one for 330-2700 nm. The resolution and scan speed can be adjusted. In
most experiments the wavelength interval was 0.5 nm. From the obtained optical data, the band-gap value
can be obtained.

3.2.5 Work function determination

The work function of the films was investigated using X-ray Photoelectron Spectroscopy, by exploiting
analyses conditions where the measured energies depend on the work function of the material being
analyzed. During XPS of solids, the ejected photoelectrons leave a residual positive charge on the sample. If
the sample in contact with the spectrometer is a good electrical conductor, this charge is rapidly neutralized
by electrons flowing from the spectrometer (the sample holder) to the sample. On the contrary, if the sample
is a poor conductor or insulating, it acquires a positive charge, which shifts the energy positions of the
spectra towards higher values or even impedes the spectra acquisition. In such cases and in order to
neutralize the charge an electron gun (flood gun) is used to bombard the sample surface with additional
electrons to compensate the positive surface charging. A zero-charge can then be obtained at equality
between the electron current emitted from the surface and the one coming from the flood gun. By further
flooding the surface beyond the equilibrium situation, the opposite surface charging occurs and a negative
potential builds, which corresponds to the potential of the electron beam, ®.. Again the energy positions of
the spectra are shifted, towards lower values in this case.

In the case of a conducting sample, in good electrical contact with the spectrometer (with no resistance in-
between, let’s indicate it as” shorted”), the kinetic energy Ey of the ejected photoelectron is given by the

well-known relation:

Ey = hv - Eg - Depec (3.5)

where hv is the X-ray photon energy, Eg is the electron binding energy and @, is the work function of
spectrometer. Eg is measured relatively to the Fermi level of the sample.

When a fixed non-zero potential, ®,_builds on an insulating sample surface, the binding energy is no more
measured relatively to the Fermi level of the sample but to the vacuum level, because the kinetic energy of

the photoelectron in such case is given by:

Ex=hv-Eg- q)sample + @, (36)
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where @i IS the work function of the sample.

This can be understood by the two energy diagrams in Figure 3.2.
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Figure 3.2 Energy level scheme for the case of good electrical contact of the sample with the spectrometer
(a) and the case of sample insulated from the spectrometer (b)

This applies to insulating samples, but to any kind of samples too, provided they are electrically insulated
from the spectrometer. If a sample is analyzed in both configurations, “shorted “ with the spectrometer and

insulated from it, the work function of such sample can be derived, as

Ex (shorted) — Ey (insulated) = ®gample = Dspec - De (3.7)

D , equal to 4.69, was determined by using a reference material of known work function, in this case
gold.

We exploited this method to determine the work function of the samples of this study. @, was varied by
varying the potential of the electron flow from the flood gun, beyond the equilibrium value for positive
charge compensation which corresponds to a zero-charge surface. The equilibrium potential value is
monitored by the Cls BE, coming from contamination, which is used as a reference. Ti2p3/2 spectrum
energy, corresponding to a zero-charge surface and to a charged surface with a potential ®, was used to
determine the work functions of the samples following Eq. (3.7). A zero-charge surface represents the
“shorted” case for the oxide samples as it was not easy to have the surface positive charge compensation
from a flow of electrons from the spectrometer as in the case of conducting samples as gold. To insulate the

gold sample, it was placed on a piece of glass, as shown in Figure 3.3.
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photoelectrons
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Figure 3.3 Sketch of the insulated case of the sample

3.2.6 Positron Annihilation Spectroscopy (PAS)

Positrons by definition is the antiparticle of the electrons, which has the same mass and magnitude charge
as the electrons but positively charged. Positrons spectroscopy techniques have been developed to obtain
information on the microscopic properties of the material as well as sensing the atomic and electronic
structure of the material. It is particularly useful to detect defects in materials since the positively charged
positrons have the tendency in attracting to holes in materials. Today, not only are positrons the most
sensitive probe of defects known, but unlike other techniques used to probe for defects, they cause no
damage. Some of the positrons spectroscopy techniques are ACAR (Angular Correlation Annihilation
Radiation), DBS (Doppler Broadening Spectroscopy), LEPD (Low-energy Positron Diffraction), PAES
(Positron-annihilation-induced Auger Electron Spectroscopy, and PALS (Positron Annihilation Lifetime
Spectroscopy). In this thesis, Doppler Broadening Spectroscopy and Positron Annihilation Lifetime

Spectroscopy were performed for doped-TiO, samples.
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When positrons are incident onto a material, a few events may happen, schematically shown in Figure 3.4 (a).
Positrons may leave the material by backscattering, by inelastic emission before complete thermalization or
by reemission (ejected from the material surface due to its positive charge). Positrons may liberate an
electron and form a positronium (a short-lived system consists of positron and electron bounded together) in
vacuum if a positron leaves from the material. In addition, positrons may be trapped at the surface by
forming state positronium or by forming a localized state in the image of potential immediately outside the
surface. Even if the positrons do not leave the material, it will annihilate in it eventually. In most cases,
positrons lifetime inside a material is less than a fraction of nanosecond, but it is long enough for positron to
visit a region of the material and sense the atomic and electronic structure of the environment.

The mean positron implantation depth z in nanometres is related to the energy E by the equation:

7="E (3.8)

when the material density p and energy E are expressed in g/cm > and keV, respectively [10].The diffusion
process starts immediately upon the completion of implantation process. For non-metals, this process is
difficult to approximate since they don’t fully thermalize the positrons. Positrons are very likely to trap in
defects during the diffusion process, especially in vacancies and voids. Trap depth depends on the detail of
defects and the trapping process depends on the type of materials. Positrons may annihilate during the
process of diffusion or trapping. PALS is a useful positron spectroscopy signal to sense the length of time a
positron stayed in a material before it annihilate. DBS and ACAR are useful positron spectroscopy signal to
sense the energy or angle of the annihilation gamma-ray. Being able to trace the annihilation process in
positron spectroscopy allow further microstructure investigations of the materials.

The DB of the 511 keV annihilation line was characterized by the shape parameter S(E) and the wing
parameter W(E) [10,11]. The S(E) parameter was defined as the ratio of the counts in a central area (|511-Ey
| <0.85 keV) to the total area (|511-Ey| < 4.25 keV) of the line, while the W(E) as the fraction of counts in the
wing region (1.6 < |511-Ey| < 4 keV) of the line where Ey is the energy of the annihilation y-ray, as depicted
in Figure 3.4 (b). S(E) and W(E) represent the positrons annihilating with low and high momentum electrons,

respectively.
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Figure 3.4 (a) Brief summary of what happen to positron after it is being implanted into a material;
(b) S and W parameters in Doppler Broadening Spectroscopy
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The measured S(E) (and W(E)) are linear combinations of the characteristic S (and W) values multiplied by
the fraction f of positron annihilating at the surface [Ss; (Ws); fs], in the Si bulk [Sp; (Wy); fu] and different i
state [S;; (Wi); fi:

S(E) = fs(E)Ss + Xi fi(E)S; + fp (EDSp 3.9)
W(E) = fs(E)Ws + X; fi(E)W; + £, (E)W), (3.10)
fs(E) + i fi(E) + fo(E) = 1 (3.11)

The i states can be trap sites, interfaces and, as in our case, different sample layers. The VEPFIT program
[12] was used to extract the (S, W) coordinates of each annihilation site and the SWAN program [13] to
achieve the annihilation fractions f of each site at each energy E.

The DB spectra were acquired with a dual parameter multichannel analyzer MPA-3 FAST-COMTEC. The
samples were depth profiled by the Doppler Broadening (DB) technique measuring the 511 keV positron—
electron annihilation line and tuning the positron implantation energy E. The positron—electron annihilation
line was acquired with two HPGe detectors in a 180° configuration, 45% efficiency and 1.4 keV resolutions.
The lifetime measurements were performed with PLEPS (Egger 2010) set up at the FRMII facility at
Munich. Lifetime spectra were acquired in the 1-18 keV positron implantation energy range and analyzed by

POSFIT. The overall (detector plus pulsing system) time resolution was 360 ps.

3.3 Plasma characterization

Plasma diagnostics plays an important role in all experiments. Information about fundamental plasma
parameters, like electron temperature, electron density etc. is essential in order to evaluate the energy
transport into the plasma. There are several diagnostic techniques employed for the determination of these
parameters like plasma spectroscopy and Langmuir probe. In the present work, Optical Emission

Spectroscopy was used to investigate the plasma created during the depositions.

Optical Emission Spectroscopy (OES)

OES examines the light given by the species in the plasma that have been raised to excited states by
impact. Excited species radiates characteristic set of wavelengths that can be used as fingerprints. This
unique fingerprint is determined by the fundamental atomic energy levels that are different for each element.
OES is an attractive option for plasma process control because it is fast, non-intrusive, monitors multiple
elements simultaneously and provides information regarding deposition conditions in the plasma.

The plasma light was collected with an optical fiber through a quartz window of the sputtering chamber
and then analyzed by means of a Spectrapro 2300i (Acton Research Corporation) instrument, equipped with
an ICCD camera. Emission spectra were recorded in the 200-900 nm range with a spectral resolution of 0.2

nm.
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4. Deposition of TiOz films in different

Elasmas for intrinsic doging

Titanium dioxide is a honstoichiometric compound, which has been generally considered as an oxygen-
deficient compound, TiO,.. The most notable point defect of pure TiO, called native point defects are the
oxygen vacancies and titanium interstitial. The defects responsible for the electronic properties of TiO,.
films is still a subject of discussion in spite of numerous studies devoted to this topic and the varied

experimental techniques used to determine it.
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4.1 Introduction

In this chapter TiO, thin films were deposited by RF sputtering from a ceramic TiO, target in Ar, Ar-O,
and Ar-H, atmospheres at room temperature or at 350°C substrate temperature. Post-growth annealing in
vacuum at 900°C was performed. The structural and morphological properties of the films were investigated
by X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM). Using X-ray Photoelectron
Spectroscopy (XPS) the films chemical composition was investigated, more exactly the stoichiometry and

the identification of oxygen vacancies was studied.

4.2 Deposition in pure-Ar plasma

4.2.1 Effects of cathode self-bias voltage

In this section the cathode self-bias voltage was varied from -350 V to -750 V in order to optimize the

preparation process of intrinsically-doped TiO.,.
4.2.1.1 Influence of cathode self-bias voltage variation on the films growth rate
The film thicknesses were measured for TiO, thin films prepared in Ar plasma and the growth rate was

determined. As seen in Figure 4.1, the growth rate is increasing with the applied self-bias voltage at cathode.

The maximum value was obtained when the cathode self-bias voltage was -750 V (1.36£0.09 nm/min).
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Figure 4.1 Growth rate as a function of cathode self-bias voltage
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4.2.1.2 Influence of cathode self-bias voltage variation on the films chemical composition

X-ray Photoelectron Spectroscopy (XPS) measurements were performed for TiO, films prepared in Ar
plasma, at different cathode self-bias voltages. The C 1s, O 1s and Ti 2p core levels spectra were acquired.
Typical C 1s and O 1s core-level spectra for TiO, films prepared at -550 V together with the fit components
are shown in Figure 4.2.

C 1s core level spectra for TiO, samples can be well fitted with three components, named C,, C;; and Cyy,,
respectively in the Figure 4.2 (a). The first component corresponds to C-H [1], the second one is given by
carbon atoms bound as C-O and C-O-C and/or C-OH groups [1], while the third one corresponds to C=0
bonds [1].

O 1s core level spectra can be well fitted with three components, named O,, O, and Oy, respectively in the
Figure 4.2 (b). The main peak (O,) corresponds to oxygen in titanium dioxide [2,3]. The second component
(Oy) is coming from Ti-OH bonds contribution [1], possible C-O bondings in C-O-C and C-OH groups
contribution and from Ti,O3 phase contribution [1]. The third component (Oy,) has been reported to be
caused by adsorbed molecular H,O [4,5] and also C-O bondings like O-C-O or O=C-O [1]. The binding
energies of O, component are listed in Table 4.1.

A typical Ti 2p core level spectrum together with the fit results is shown in Figure 4.3 (a). The Ti 2p core
level consist of Ti 2ps;, and Ti2py,, contributions. The Ti 2ps;, binding energy values are reported in literature
as Ti** states in TiO, [6]. The binding energies for Ti** 2ps, are listed in Table 4.1.
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Figure 4.2 Typical C 1s (a) and O 1s (b) core-level spectra for TiO,
prepared at -550 V, in Ar plasma
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A shift of O 1s and Ti 2ps, BEs toward higher energies with respect to that of rutile (529.75 eV and 458.35
eV, not shown) was observed in all the samples [6]. However, the difference between Ti 2ps, and O, peak
BEs remains constant as 71.45+0.03 eV and close to that of rutile (71.40 eV). This indicates that the chemical
states of Ti and O are the same in these films and in rutile. The BE shift observed in the spectra is only
related to a variation of Er with respect to the core lines, due to band bending caused by a non-zero surface
potential during the analysis.

The stoichiometry was determined on the basis of the main peak area ratio of O 1s spectrum (O)) and the
area under the whole Ti 2p spectrum (Ti 2ps;, and Ti 2py, peaks). The O/Ti atomic ratios values are listed in
Table 4.1 and plotted as a function of cathode self-bias voltages (Figure 4.3 (b)). The TiO, films prepared in
Ar plasma at various cathode self-bias voltages were under-stoichiometric with respect to the ideal value for
TiO; (Oo-1i/Ti=2). An increase of O/Ti is observed when the cathode self-bias voltage is increased.
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Figure 4.3 (a) Ti 2p core-level spectrum for TiO, prepared at -550 V, in Ar plasma; (b) O/Ti
atomic ratio as a function of cathode self-bias voltage

The deviation from the ideal stoichiometry TiO, (quantified as x in TiO,.) can be due to structural defects
as O vacancies, but also to the formation of Ti-OH bonds due to H,O dissociative adsorption [7]. The Ti-OH
bonds are difficult to quantify from the second component of the O 1s spectrum (Oy). From the C 1s
spectrum deconvolution shown in Figure 4.2 (a), the contribution of carbon atoms bound as C-O in C-O-C
and/or C-OH groups represented by C;; component could be determined.

The O,/Ti and C,/Ti atomic ratios were determined on the basis of the entire Ti 2p area, the area under the
second component of O 1s (O,;) and the area under the second component of C 1s (C,;). The values are listed
in Table 4.1 and plotted as a function of cathode self-bias voltage (Figure 4.4 (a)). Assuming a maximum
value of atomic ratio O/C=1 between O and C atoms contributing to the C-O bonds among C-O, C-O-C and
C-OH, the atomic ratio C,/Ti is considered as representing oxygen fraction bound in the different C-O

groups. By subtracting C,/Ti ratio values from the O,/Ti ones, in order to represent only the Ori.on/Ti atomic
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ratio pertaining to hydroxylated Ti, one obtains the plot shown in Figure 4.4 (b), where can be observed that
the O+i.on/Ti and x in TiO,., values are close to each other or even the same. This behavior indicates that the
deviation from stoichiometry in TiO, films prepared at various cathode self-bias voltages can be due to
hydroxylation. The oxygen vacancies in these films cannot be established by this analysis. More insight can

be obtained from the valence band states study, as it will be presented later in the following section.
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Figure 4.4 (a) O,/Ti and C,/Ti atomic ratios as a function of cathode self-bias voltage;
(b) O+i.on/Ti atomic ratio as a function of self-bias voltage at cathode

Table 4.1 O, Ti** 2ps), binding energies, AE (O,-Ti**2p3), O//Ti and Ori.on/Ti atomic ratios, X in TiO,.,

Cathode self-bias BE(O|) BE(Tl4+ 2p3/2) AE (O|'Ti4+2p3/2) OJ/Ti X OTi-OH/Ti
voltage (V) (eV) (eV) (eV) Ui Tio,,
rutile 529.75 458.35 71.40 180  0.20 0.43
-350 530.33 458.85 71.48 176 0.24 0.22
550 530.45 459.03 71.42 187 0.3 0.12
-750 530.35 458.89 71.46 193 007 0.07

In the next experiments, TiO, films prepared at cathode self-bias voltage of -550 V and -750 V were

used having a higher thickness then the ones prepared at a cathode self-bias voltage of -350 V.
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4.2.2 Effects of substrate temperature

4.2.2.1 Influence of substrate temperature on the films chemical composition

The substrate temperature was varied during TiO, deposition in Ar plasma, at a constant cathode self-bias
of -750 V. The temperature of the substrate was set at 350°C. The oxidation states and the chemical
composition were investigated by XPS analysis.

In Figure 4.5 the O 1s and Ti 2p core levels for the sample prepared without intentional heating and for the
sample prepared at a substrate temperature of 350°C are shown. C 1s and O 1s core-levels can be well fitted
with three components, as described in Figure 4.2. For Ti 2p core-levels of the samples, different numbers of
components were necessary for the fit. In the sample without intentional heating, only two components were
necessary, as shown in Figure 4.5. For the sample prepared at a substrate temperature of 350°C, in addition
to the two components corresponding to Ti** states in TiO,, two more components at lower BEs were
necessary for a good fit, identified as Ti*" states of Ti. The BEs for these two peaks were attributed in
literature to the presence of point defects, like oxygen vacancies in TiO, [6,8]. The BE for O,, Ti** 2ps, and
Ti* 2psp, are listed in Table 4.2.

The stoichiometric ratio of the samples was determined and is listed in Table 4.2. It was observed the
sample prepared at 350°C substrate temperature has a lower stoichiometric ratio.
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Figure 4.5 O 1s (a) and Ti 2p (b) core-levels for TiO, prepared at -750 V, in Ar plasma, without
intentional heating and at a substrate temperature of 350°C
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Table 4.2 O, Ti** 2py, and Ti** 2ps;, BEs, AE (O-Ti*" 2ps), O/Ti atomic ratio
Substrate  BE(O,) BE(Ti**2ps)  BE(Ti* 2ps)  AE (O,-Ti**2psp)

O|/Ti4+'3+
temperature (eV) (eV) (eV) (eV)
RT 530.35 458.89 - 71.46 1.93
350°C 530.24 458.99 457.75 71.25 1.89

4.2. 2.2 Influence of substrate temperature on the films structural properties

The structural properties for TiO, films prepared without intentional heating and a temperature to substrate
of 350°C, both films prepared in Ar plasma, at -750 V were studied. The films without intentional heating
were amorphous. For the film prepared at a substrate temperature of 350°C, two diffractions peaks were
observed at 26=25.49° and 20=27.57°, as shown in Figure 4.6. The peak positions were identified to
correspond to anatase (101) oriented direction and rutile (110) oriented direction [9], named in Figure 4.6
A(101) and R(110).

The grain size was estimated according to Scherrer equation using A(101) and R(110) peaks and was

found to be ~16.7 nm and ~12.7 nm respectively.

20 25 30 35 40 45 50

20 (deg)

Figure 4.6 XRD pattern for TiO, film prepared in Ar, at a substrate temperature of 350°C
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4.3. Deposition in Ar-O, plasma

4.3.1 Influence of O, concentration in the gas on the films growth rate

The addition of oxygen in Ar plasma was investigated, varying the quantity of oxygen in the Ar-O, gas
mixture from 3 to 20%. The film thicknesses for films prepared at a cathode self-bias voltage of -550 V were
measured and the growth rate was determined (Figure 4.7). The highest growth rate was found in Ar plasma
(0.41+0.02 nm/min). When O, is introduced in Ar plasma, a decrease of the growth rate is observed until
6%0, (0.14+0.02 nm/min). A further increase in the oxygen quantity leads to an increase until a value equal
to 0.27£0.03 nm/min (13%0,), with no change for higher O, concentration. For 20%0, added in Ar plasma
the growth rate was found to be 0.24+0.02 nm/min.
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Figure 4.7 Growth rate for TiO, films prepared in Ar-O, atmosphere, at -550 V

4.3.2 Influence of O, concentration in the gas on the films chemical composition

X-ray photoelectron spectroscopy measurements were performed for TiO, films prepared at —550 V,
varying the quantity of oxygen introduced in Ar plasma during depositions. The core levels (C 1s, O 1s, Ti
2p) and the valence band (VVB) were acquired.

C 1s and O 1s core levels spectra for TiO, samples deposited in Ar-O, atmosphere (3-20% O,) can be well
fitted with three components like for the sample prepared in Ar plasma shown in Figure 4.2 (a) and (b),
having the same meaning as in the previous section. Ti 2p core level spectra were fitted with two
components (Ti 2ps;, and Ti 2pyy,) corresponding to Ti** states in TiO,, similar to the sample deposited in Ar
plasma (Figure 4.3 (a)). The O, and Ti** 2ps), BEs are listed in Table 4.3.

A shift of O 1s and Ti 2p3, BEs toward higher energies with respect to that of rutile was observed also in

this case, with the difference between Ti 2pz, and O, peak BEs remains constant as 71.28+0.01 eV.
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Table 4.3 O, and Ti*" 2ps, BEs, O/Ti and Or;.o./Ti atomic ratios, x in TiO,. for TiO, films in Ar-O, (-550 V)

BE(O) BE(Ti*2psn) AE (O)-Ti**2ps)  OJTi X :
0 312 [ Psr2 [ :
[%0:] (eV) (eV) (eV) at. ratio in TiO, Orion/Ti
pure-Ar 530.45 459.03 71.42 1.87 0.13 0.12
3% 530.14 458.84 71.30 1.86 0.14 0.07
6% 530.10 458.82 71.28 1.80 0.20 0.08
10% 530.07 458.79 71.28 1.75 0.25 0.23
13% 530.11 458.84 71.27 1.79 0.21 0.14
20% 530.10 458.80 71.30 1.94 0.06 0.03
(a) 0.25 - (b)
1.95 [ ]
g 1.90 é 2
© (&)
é 1854 ] % 0.15
'(Iés 1.80 |:5 0107 )
o g .
1.75 4 [ ] 0.05
e fIJ é é SIJ 1I2 1I5 1I8 o 0.2)6 0.2)9 0.I12 0.I15 0.I18 0.I21 0.I24
o, added in Ar-O, atmosphere (%) X in TiOZ_x

Figure 4.8 (a) O,/Ti atomic ratios for TiO, films prepared in Ar-O, atmosphere; (b) O+i.on/Ti atomic ratios
as a function of x in TiO, for TiO, films prepared in Ar-O, atmosphere

O\/Ti atomic ratios values obtained for TiO, films prepared in Ar-O, are listed in Table 4.3 and plotted as a
function of O, concentration added in Ar plasma in Figure 4.8 (a). As can be seen, all the films were under-
stoichiometric with respect to the ideal value for TiO; (Og.1i/Ti=2). In Ar plasma a value of 1.87 for O/Ti
was found. When O, is added in Ar plasma a decrease of O)/Ti until 10%0, (O/Ti=1.75) followed by an
increase after this quantity of oxygen was observed. For 20%0, the O/Ti ratio was found to be 1.94.

As mentioned in the first section, the deviation from the ideal stoichiometry TiO, (quantified as x in TiO,.)
can be due to structural defects as O vacancies, but also to the formation of Ti-OH bonds due to H,O
dissociative adsorption [7]. Representing only the Orion/Ti atomic ratio pertaining to hydroxylated Ti
(calculated as in the Section 4.2.1.2), one obtains the plot shown in Figure 4.8 (b) as a function of x in TiO,..
From this plot can be concluded that the oxygen vacancies formed during the deposition in Ar-O, are
partially filled by OH groups forming Ti-OH bonds due to H,O dissociative absorption.

The influence of oxygen addition in Ar plasma on the valence band states was investigated. Figure 4.9

shows the VB spectra for as-grown TiO, films in Ar and Ar-O, atmospheres.
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Crystal field separates the transition metal d states into a triply degenerate state of t,; symmetry and a
doubly degenerate state of e, symmetry. In the octahedral symmetry of titanium dioxide, the e, states of Ti3d
orbitals are c-bonded with the O 2p orbitals and the t,, states are n-bonded [10]. The valence band spectrum
reflects the density of filled states. The top of TiO, valence band is occupied by O 2p non-bonding states.
The e states of Ti 3d orbitals are located at deeper binding energy among the bonding molecular orbitals of
the valence band, while the t, states are situated at lower binding energy than the e, states. An identification
of these states was done for the VB spectra of the films obtained in Ar and Ar-O, atmospheres, and are
indicated in Figure 4.9.

The VB spectrum for TiO, prepared in Ar plasma is well fitted with four Gauss-Lorentz peaks after a
Shirley background subtraction, based on the expected contributions from the molecular orbitals [10,11].The
results of the fits are given in Table 4.4. As in the case of the core level spectra, all binding energies are
given with respect to the Fermi level. The first component located at 4.31 eV (peak | in Figure 4.9 (a)) is
associated with the O 2p non-bonding states at the top of the valence band. The second and the third
components situated at 5.43 eV and 7.64 eV, respectively (peaks Il and 11l in Figure 4.9 (a)) are the result of
the crystal field split being attributed to O 2pzand O 2postates. A fourth component (peak 1V in Figure 4.9
(@) is located at ~11 eV. This peak was observed also for the films prepared in Ar-O, atmosphere. The

identification of this peak as dissociative or non-dissociative H,O at TiO, surface is difficult due to

Intensity (a.u.)

Binding energy (eV)

Figure 4.9 VB spectra for TiO, films prepared in (a) Ar plasma,
(b) 10%0, and (c) 20%0, added in Ar plasma
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overlapping of different peaks appertaining to hydroxyl groups and molecular water. Hydroxyl groups
formed by dissociation of H,O have two electronic levels of 7 and o symmetry. The lower-lying o level is
giving an adsorbed peak reported at a binding energy of 10.8 eV overlapping the a; level of molecular H,O.

The higher-lying 7 level appertaining to hydroxyl groups overlaps the O 2p valence band. [10,12-16,17,18]

Table 4.4 Fit results for VB of TiO, prepared in Ar and Ar-O, plasma and VBM

VBM Peak | Peak 11 Peak 111 Peak IV
[eV]
Ar 317 BE (eV) 4.31 5.43 7.64 10.99
' FWHM (eV) 1.16 2.33 2.07 1.03
[%60,]
3% 2.79 BE (eV) 4.05 554 7.56 10.51
° FWHM (eV) 1.50 2.59 1.66 1.17
6o 2.62 BE (eV) 4.09 551 7.58 10.41
0 FWHM (eV) 157 2.91 1.50 1.29
2.56 BE (eV) 4.03 5.55 7.59 10.48
10%
FWHM (eV) 1.56 2.86 1.49 1.35
2.66 BE (eV) 4.09 5.52 7.61 10.56
13%
FWHM (eV) 1.66 2.57 1.65 1.46
BE (eV) 3.86 5.35 753 10.45
0,
20% 264 | rwHM ev) | 149 2.41 171 1.06

The VB for TiO, prepared with 20%0, in Ar-O, atmosphere is shown in Figure 4.9 (¢). The valence band
spectra for all samples prepared in Ar-O, can be well fitted with the same number of components like in VB
of TiO, prepared in pure-Ar. The results of the fits are given in Table 4.4.

The valence band maximum energy (VBM) was determined by extrapolating a linear fit of the final
spectrum region to zero intensity, after a Shirley background subtraction. The obtained values for the VBM
for both TiO, films prepared in Ar and Ar-O, atmosphere are reported in Table 4.4. A decrease of VBM is
observed when oxygen is added in Ar plasma. A similar trend was observed for the binding energy of O1s
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Figure 4.10 BE(O,)-BE(Ti2psp) in function of x in TiO,.,

-75-



4. Deposition of TiO, films in different plasmas for intrinsic doping

core level, involved in Ti*-O bonds. The results are plotted in Figure 4.10. The higher x, the lower the
energy difference between Ol1s and Ti2ps, peaks. It can also be seen that the sample made in pure argon
deviate from the linear fit of the data points. This kind of relationship can constitute a valuable tool to check
the presence of “free” vacancies.

In order to understand if the e, states corresponding to ¢ bonds or the t,, states corresponding to © bonds
are moving towards higher energies with increasing the stoichiometry, the e, and t,; BEs referred to Ti 2ps,
BE in function of x in TiO, are plotted in Figure 4.11. The slopes are given in the figure for each linear
dependence. The graphs indicate that both peaks corresponding to the ey and tyy states are moving towards
higher BEs, but the peak corresponding to ty, states is moving more toward higher energies when the
substoichiometry is increased (x in TiO,.,).
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Figure 4.11 Ti 2ps,-€4 and Ti2pz-tyg in function of X in TiO,

Information about the OH states (as Ti-OH and/or OH from molecular water) at TiO, surface can be
extracted also from the VB spectra. From the VB spectra, the area under the peak IV (in Figure 4.9),
indicated to be given by the contribution coming from OH groups or H,O was determined and plotted as a
function of O, in Ar-O, atmosphere (Figure 4.12 (a)). At small quantities of O,, the OH signal is strongly
decreasing. A further increase in O, added in Ar plasma leads to a maximum at 10%0, for OH signal. In
order to understand the relation between the hydroxylation and the oxygen deficiency in TiO,., in Figure
4.12 (b) the OH3c/VB area is plotted in function of x in TiO,., where one can observe that the higher x, the
higher OH3c/VB area ratio. The sample obtained in pure argon plasma gives a much higher OH3c/VB area
ratio value than the ones deposited in Ar-O, plasmas, even for a same sub-stoichiometry. It is more likely
that the oxygen vacancies are only partially hydroxylated in the latter films, vacancies still exist while for the
film deposited in pure Ar plasma, the lacking oxygen in oxide bondings are in major part involved in
hydroxyl groups.
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Figure 4.12 OH3c/VB in function of (a) O, added in Ar plasma and (b) of x in TiO,

4.3.3 Influence of O, concentration in the gas on the films structure and morphology

XRD was performed for TiO, films prepared in Ar and Ar-O, (20%0,), at cathode self bias voltage of -
750 V. The film prepared in Ar plasma was amorphous, while the film prepared in 20%0, reveals both
anatase and rutile phases of TiO,, as shown in Figure 4.13. Some authors reported that amorphous TiO, can
be defined as a material with crystalline domains of a size below the detection limit of XRD (<3-5 nm) [19].

The grain size was estimated according to Scherrer equation using the peaks indicated in the Figure 4.13
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Figure 4.13 XRD spectra for TiO, films prepared in Ar-O, (20%0,)
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(A(101) and R(110)) and was found to be ~14.8 nm and ~4.2 nm respectively.

SEM was performed for TiO, films prepared in Ar and Ar-O, (20%0,) atmospheres. Figure 4.14 shows the
top-view and cross-section images of TiO, films deposited on n-type Si (100) substrates. For both films, the
surface morphology shows a dense morphology with agglomerated grains. As seen from cross-section
images the films are very compact, homogeneous, adherent to the Si (100) substrates, and show a dense

columnar growth.

Figure 4.14 Surface and cross-section images for TiO, films prepared
in (a), (b) Ar; (c), (d) Ar-O, plasma

4.3.4 Influence of O, concentration in the gas on the films chemical composition for post-growth

annealed in vacuum films

Post-growth annealing at 900°C for 1h in vacuum was performed for TiO, thin films prepared in Ar and
Ar-0; (20%0,), at a self-bias cathode voltage of -750 V, in order to improve the structure of the films.

O 1s and Ti 2p core levels were acquired using XPS, in order to investigate the oxidation state of the films
after post-growth annealing in vacuum. In Figure 4.15 the O 1s and Ti 2p core levels for as-grown and
annealed TiO, films, prepared in Ar and Ar-O, plasma are shown. O, and Ti** 2ps;, BEs are listed in Table
4.5 for both as-grown and annealed TiO, films. A shift toward lower BEs for annealed samples is observed
for both core-levels. For the sample prepared with 20%0, added in Ar plasma, an increase in the Oy

component of O 1s peak is observed. Only the Ti*" state was identified in Ti 2p spectra for both films.
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Table 4.5 O, and Ti*" 2ps, BEs, O/Ti, O,/Ti and C,/Ti atomic ratios for as-grown and annealed TiO,

prepared in Ar and Ar-O, plasma

- AE (V) O/ O Cu/Ti
BE() (V) BE(TI"2pr) (eV) at. ratio at. ratio at. ratio
as-gr ann as-gr ann as-gr ann as-gr _ann | as-gr _ amn as-gr _ ann
A | 53022 50973 | as879  ass47 | 7143 7126 | 192 179 | 033 085 | 026 037
20%0, 530.05 529.68 458.74 458.40 71.31 71.28 1.74 1.85 0.44 0.78 0.29 0.26

The stoichiometry of the samples and the O,/Ti and C,/Ti atomic ratios before and after annealing were
compared in Table 4.5. From the values it can be seen that the annealing of sample prepared in Ar plasma is
decreasing the stoichiometric ratio and the O, component of O 1s (indicated to come from Ti-OH bonds,
possible C-O bondings in C-O-C and C-OH groups contribution and from Ti,O; phase contribution) is
increasing, in the same way as C,, component of C 1s (indicated to come from C-O and C-O-C and/or C-OH
groups). Most probably, the oxygen vacancies formed during the annealing are subsequently filled with OH
groups. For the sample prepared in Ar-O, plasma, the stoichiometric ratio is increasing after annealing and

the Oy, is increasing too. The increase of O peak after annealing in vacuum is most likely due to Ti-OH

bonds increase.
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Figure 4.15 O 1s (a) and Ti 2p (b) core-levels XPS spectra for as-grown and post-growth
annealed TiO, films prepared in Ar and Ar-O,
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4.3.5 Influence of O, concentration in the gas on the films structure and morphology for post-growth

annealed in vacuum films

The influence of annealing on the structural properties of TiO, films prepared in Ar and Ar-O, plasma at -
750 V was investigated with XRD. As seen in Figure 4.16, in both films anatase and rutile phases of TiO,

were identified after annealing. The diffraction patterns for anatase and rutile phases of TiO, are given in

Figure 4.16 for comparison.

The grain size was calculated using to Scherrer equation and are listed in Table 4.6 together with the

A(101) and R(110) peaks positions and FWHMs used for grain size calculations.
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Figure 4.16 XRD spectra for annealed TiO, films, prepared in (a) Ar and (b) Ar-O, plasma;
for comparison, the diffraction patterns of anatase and rutile phases of TiO, are shown

Table 4.6 26 Bragg angle, FWHMs of A(101) and R(110) peaks, and grain size values for annealed in

vacuum TiO, films prepared in Ar and Ar-O,

2theta (deg)

80

Gas  Phase 20 (deg) FWHM  Crainsize
(nm)
A AQO) 2535 0407 215
R(110)  27.66  0.375 ~19.6
A(101) 2552 0400 201

0,
20%02  p(110) 2756 0.364 221
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The top-view and cross-section images obtained with SEM for annealed TiO, films, prepared in Ar and Ar-
O, plasmas are shown in Figure 4.17. The surface of the films was damaged due to high temperature of
annealing. A complete destruction of the columnar structure is observed, with formation of a porous
structure.

Figure 4.17 Top-view and cross section images for annealed TiO,
films prepared in (a) Ar; (b) Ar-O,

4.4. Deposition in Ar-H, plasma

4.4.1 Influence of H, concentration in the gas on the films growth rate

The addition of hydrogen in Ar plasma was investigated, varying the quantity of hydrogen from 3 to
50%.The film thicknesses were measured for films prepared at a cathode self-bias voltage of -550 V and the
corresponding growth rate is plotted in Figure 4.18.

A decrease of the growth rate is observed, when a small quantity of hydrogen is added in Ar plasma
(3%Hy,), but a further increase in H, value leads to growth rate values similar to the one obtained in Ar

plasma. For 20%H, in Ar plasma a value of 0.35 nm/min was obtained.
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Figure 4.18 Growth rate for TiO, films prepared in Ar-H, atmosphere

4.4.2 Influence of H, concentration in the gas on the films chemical composition

X-ray photoelectron spectroscopy measurements were performed for TiO, films prepared at —550 V,
varying the quantity of hydrogen introduced in Ar plasma during depositions. The core levels (C 1s, O 1s, Ti
2p) and the valence band (VB) were acquired.

Like in samples deposited in Ar and Ar-O, plasma, C 1s and O 1s core levels spectra for TiO, samples
deposited in Ar-H, atmosphere (3-50% H,) can be well fitted with three components. For the fit performed
on Ti 2p core level spectra four components were necessary for TiO, films prepared in Ar-H,, as shown in
Figure 4.19 (b). For comparison, the Ti 2p core level spectrum for the film prepared in Ar plasma is shown in
Figure 4.19 (a). In addition to the two components corresponding to Ti** states in TiO, two more
components at lower BEs were necessary for a good fit, identified as Ti** states of Ti. The BEs for these two
peaks were attributed in literature to the presence of point defects, like oxygen vacancies in TiO, [6,8]. At
the same binding energy value was reported also Ti,O5 phase [20,21]. The BE for O, Ti*" 2ps, and Ti** 2psp
are listed in Table 4.7. A shift of O 1s and Ti* 2ps» BEs toward higher energies with respect to that of rutile
was observed also in this case. The difference between Ti** 2ps; and O, peak BEs remains constant as
71.41+0.03 eV.
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Figure 4.19 Ti 2p core levels for TiO, films prepared in (a) Ar plasma and (b) Ar-H, plasma (20%H)

Table 4.7 O, Ti** 2ps;, and Ti** 2ps, BEs, O/Ti atomic ratios and x in TiO,. for TiO, prepared in Ar-H,

:3+ 4+ AE O|/T| X
[%H,]  BE(O)) BE(T(épr3’2) BE(T(épr3’2) (o.-T(é“\*/ )2p3/z) at. ratio  in TiO,,
3% 53035 457.26 458.87 71.38 1.92 0.08
6% 53031 457.25 458.86 71.45 1.88 0.12
10%  530.35 457.35 458.91 71.44 1.93 0.07
13%  530.33 457.28 458.92 7141 1.86 0.14
20%  530.27 457.11 458.83 71.44 1.82 0.18
30%  530.47 457.57 459.08 71.39 1.82 0.18
50%  530.61 457.65 459.23 71.38 171 0.29

The stoichiometry of TiO, films prepared in Ar-H, was determined taking into account both Ti*" and Ti®*
states of Ti and plotted in Figure 4.20 (a). The values of O/Ti**" are listed in Table 4.7. The addition of
hydrogen in Ar plasma leads to a decrease of stoichiometry from the ideal value, with increasing the
hydrogen quantity in deposition. Plotting the contribution of Ti-OH and Ti,O3 at O 1s peak as a function of x
in TiO,4 a dependence like in Figure 4.20 (b) was obtained. The values can be fitted with a linear function,
with a slope of 0.34 and a high value of intercept (0.099). For all the TiO, films prepared in Ar-H, the
contribution of oxygen in O, states is higher than x in TiO,, which means that beside Ti-OH bonds, there is
an additional contribution, most probably Ti,O; phase, indicated also by Ti*" states identified in Ti 2p XPS

spectra.
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Figure 4.20 (a) O,/Ti atomic ratios and (b) O,/Ti*" in function of x in TiO,.,

In order to confirm the presence of free oxygen vacancies in the oxide lattice, the energy difference
between O, component of the O1s spectrum and Ti2ps, (due to Ti*" states) is plotted in function of the
deviation from ideal stoichiometry x in TiO,,, as in the case of the films deposited in Ar-O, plasma. The
results are displayed in Figure 4.21. The trend observed in the case of the films deposited in Ar-O, plasma is
less clear here. The stoichiometry deficiency of the oxide is mostly due to the involvement of Ti in other

bonds (with OH, H), and free oxygen vacancies are not in majority.
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Figure 4.21 Binding energy difference between the Ti2pz, and O1s (component
O)) core levels in function of x in TiOy

-84 -



4. Deposition of TiO; films in different plasmas for intrinsic doping

Some noticeable changes are observed in the VB of TiO, thin films prepared in Ar-H, atmosphere. In
Figure 4.22 the VB spectra of TiO, prepared in 20%H, is shown, together with the VB spectrum for TiO,

prepared in Ar plasma, for comparison. The results for the fits are given in Table 4.8.

Intensity [a.u.]

Intensity [a.u.]

Binding energy [eV]
Figure 4.22 VB spectra for TiO, films prepared in (a) Ar plasma and (b) Ar-H, plasma (20%H,)

The VB for TiO, samples prepared in Ar-H, was best fitted with six components, instead of four as in the
case of TiO, in Ar plasma. One of the two additional peaks is situated between the valence band maximum
and the Fermi level (peak V in Figure 4.22 (b)) at 0.66 eV. In literature, this peak has been reported for
under-stoichiometric TiO,. It has been assigned to Ti 3d states being mostly attributed to oxygen vacancies
[4-6,11], but also to other defect states like interstitial Ti [22]. The binding energies for this peak are given in
Table 4.8. In fact, a similar evolution of both this peak area and that of Ti** 2ps/, peak with the quantity of H,
introduced in Ar plasma was found. The dependence of Ti 3d/VB area ratio and Ti** 2ps,/ Ti** 2ps, atomic
ratio on H, gas concentration is shown in Figure 4.23. The detected Ti 3d states can be reasonably attributed

to 0Xygen vacancies.
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Table 4.8 VBM, BEs and widths of valence band peaks I through V, Ay o/Ayp area ratio

[H] VBM Peak | Peak 11 Peak 111 Peak IV Peak V A /A
in Ar'Hz (ev) Hia/ Alib
Ma___ Nib

BE (eV) 402 | 502 | 645 774 1058 132

3% 302 FWHM (V) 105 | 204 | 163 162 117 2.47 0.76
BE (eV) 396 | 499 | 649 7.4 10.53 0.93

6% 2.99 FWHM (eV) 110 | 19 | 176 157 128 217 0.98
BE (eV) 412 | 512 | 661 784 1057 0.86

[0)

10% 306 | EWHM (ev) 125 | 199 | 18 156 122 1.98 109
BE (eV) 421 | 541 | 689 7.1 10.62 0.70

13% 3.14 FWHM (V) 120 | 207 | 160 149 118 168 0.89
BE (eV) 409 | 525 | 677 185 10.50 0.66

20% 295 FWHM (V) 139 | 199 | 177 150 102 182 130

The other additional peak was necessary to fit the VB spectra in the g4 states region. Instead of one peak

111, such peak is split into peak Illa and Illb, located at 6.77 eV and 7.85 eV, respectively. Such a split in the

ey States region has been reported also by other authors in their work [11,23-26] for TiO, particles with

dimensions of 10-20 nm [24] and for annealed nanocrystalline TiO, films which have larger crystallite sizes

being correlated with a conversion upon annealing to the anatase phase with a larger, more complex unit cell

[11]. The existence of this split in nanocrystalline anatase phase of TiO, is also confirmed by Choi et al. [27]

for grain sizes of 12-30 nm.

Different physical mechanisms have previously been proposed to explain the splitting of the ey band. An

explanation is that the splitting may be due to slight distortions of the TiOg octahedron in rutile and anatase

structures that results from the configurationally deformation predicted by the Jahn-Teller theorem [25,28].

The splitting is also attributed by some authors to effects of long-range orders, and in particular to the

influence of the interactions of Ti with the second-neighbour shell [23,24,29].
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In order to understand better the behaviour of this split, the area ratio Ay./Anp calculated on the basis of
both Illa and Illb peaks area ratio was determined and listed in Table 4.8. A correlation was found the
oxygen vacancies represented by Ti 3d peak (peak V) and the area ratio Ay ../Amp (Figure 4.24). According to
this plot the split of e, states is following the oxygen vacancies behaviour.

The values of VBM for TiO, samples prepared in Ar-H; are listed in Table 4.8. No clear trend was
observed.

In order to follow the OH states present at the surface when H, is added in Ar plasma, the OH3c/VB area
ratio together with Ti 3d area ratio and Ti 3d BEs is plotted as a function of H, added in Ar plasma in Figure
4.25. A direct correlation was found between OH3 o peak area ratio to VB and oxygen vacancies, represented
by Ti 3d/VB area ratio. OH3 o peak area ratio to VB is decreasing when the oxygen vacancies are increasing.
This behavior leads to the conclusion that the water is dissociated at oxygen vacancies, forming OH groups.
In the same time, the BE of peak Ti 3d correlated with the oxygen vacancies in TiO,, is decreasing together

with the OH groups.
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Figure 4.25 OH30/VB and Ti 3d area ratio and Ti 3d BEs
in function of H, in Ar-H, plasma

4.4.3 Influence of H, concentration in the gas on the films structure and morphology

XRD pattern reveals an amorphous structure for TiO, samples prepared in Ar-H, (20%H,), at a cathode
self-bias of -750 V.

SEM images with the top-view and the cross-section for TiO, in Ar-H, (20%H,) are shown in Figure 4.26
The surface morphology shows a dense morphology with agglomerated grains. The films are very compact,

homogeneous, adherent to the Si (100) substrates, and show a dense columnar growth.
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Figure 4.26 Top-view (2) and cross-section (b) images for TiO,

prepared Ar-H, plasma (20%H,)

4.4.4 Influence of H, concentration in the gas on the films chemical composition for post-growth

annealed in vacuum films

Post-growth annealing at 900°C for 1h in vacuum was performed for TiO, thin films Ar-H, (20%H,), at a
self-bias cathode voltage of -750 V, in order to change the amorphous structure of the films.

Like in the case of TiO, films prepared in Ar and Ar-O,, the oxidation states and the stoichiometry were
investigated before and after annealing. In Figure 4.27 the O 1s and Ti 2p core levels for as-grown and
annealed TiO, film prepared in Ar-H, plasma are shown. For comparison, the core-levels recorded for TiO,
prepared in Ar plasma are shown in the same figure. O, and Ti** 2ps;, BEs are listed in Table 4.9. In contrast
to the samples prepared in Ar and Ar-O,, the shift toward higher BE of O 1s and Ti 2p was observed for
TiO, prepared in Ar-H,. The Ti®" states observed in the sample prepared in Ar-H, atmosphere are not
anymore detected after annealing.

O\/Ti, Oy/Ti and C,/Ti atomic ratios were determined and listed in Table 4.9. The annealing treatment
induces a decrease in the stoichiometry of TiO, films prepared in Ar-H,. O, component of O 1s spectrum is
increasing but together with C,, component of C 1s spectrum, which means that most of O, component is due
to C-O bonds.
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Table 4.9 O, and Ti*" 2ps, BEs, O/Ti, O,/Ti and C,/Ti atomic ratios for as-grown (as-gr) and annealed
(ann) TiO, prepared in Ar and Ar-H, plasma

e s O/Ti Oy/Ti Cu/Ti
BE(O)) (eV) BE(Ti*"2psp) (eV) BE(Ti*"2p3p) (eV) AE (eV) at. ratio at. ratio at. ratio
as-gr ann as-gr ann as-gr ann as-gr ann as-gr ann as-gr ann as-gr ann
| 53022 52973 | 45879 45847 ] ~ | 7143 7126 | 192 179 | 033 085 | 026 037
20%H; 530.22 530.50 458.83 459.30 457.19 - 71.39 71.20 173 1.69 0.36 1.16 0.15 1.96
"? 104 A I Sy a o as-grown "? 109 Ar Fig% (b) ° as-grown
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Figure 4.27 O 1s (a) and Ti 2p (b) core-levels XPS spectra for as-grown and post-growth annealed TiO,
films prepared in Ar and Ar-H,

4.4.5 Influence of H, concentration in the gas on the films structure and morphology for post-growth
annealed in vacuum films

The structure of annealed TiO, film prepared in Ar-H, plasma at -750 V was investigated with XRD

(Figure 4.28). After annealing, the film reveals the rutile TiO, phase growth from an amorphous structure
with grain size of ~15 nm.
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Figure 4.28 XRD for annealed TiO, film, prepared in Ar-H, plasma

In Figure 4.29 the top-view and cross-section images for the annealed TiO, film prepared in Ar-H, are

shown. The columnar structure from the as-grown film is preserved after annealing, with less porosity.

(@) (b)
Figure 4.29 Top-view (2) and cross-section (b) images for
annealed TiO, film prepared in Ar-H, plasma
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4.5 Concluding remarks

The influence of cathode self-bias voltage variation on the TiO, films chemical composition deposited in
Ar plasma at room temperature was investigated. The results showed that the deviation from stoichiometry in
these films is due to hydroxylated Ti, and not to oxygen vacancies. Films with an amorphous structure were
obtained in Ar plasma at room temperature. SEM images reveal a dense surface morphology with
agglomerated grains and very compact, homogeneous columnar growth. The post-growth annealing in
vacuum at 900°C of TiO, films prepared in Ar plasma improved the crystalline structure of the films, but no
additional oxygen vacancies were observed. Most probably, the oxygen vacancies formed during the
annealing are subsequently filled with OH groups.

If the substrate temperature is increased during the deposition at 350°C, two peaks with low intensities can
be detected in Ti 2p XPS core level spectrum, attributed to Ti** states of Ti. The BEs of these peaks are
identified as oxygen vacancies in TiO,. The obtained film is polycrystalline, with anatase (101) and rutile
(110) oriented direction.

The investigation of the TiO, films chemical composition deposited in Ar-O, atmosphere at room
temperature reveals that the oxygen vacancies formed during the deposition in Ar-O, are partially filled by
OH groups forming Ti-OH bonds due to H,O dissociative absorption. No Ti** states indicating the presence
of oxygen vacancies were detected in the Ti 2p XPS core level spectrum. But an effect of oxygen
concentration in the gas mixture (and the number of formed oxygen vacancies) on the VBM was observed:
the higher x in TiO,, the larger the VBM recession towards higher energies. Films with both anatase and
rutile phases of TiO, were obtained in Ar-O, atmosphere. SEM images reveal a dense surface morphology
with agglomerated grains and very compact, homogeneous columnar growth. Similar to the films prepared in
Ar plasma, the post-growth annealing in vacuum at 900°C of TiO, films prepared in Ar-O, atmosphere
improved the crystalline structure, but the oxygen vacancies formed during annealing in vacuum are
subsequently filled with OH groups.

The TiO, films chemical analysis deposited in Ar-H, atmosphere at room temperature reveals the Ti**
states indicating the presence of oxygen vacancies in the Ti 2p XPS core level spectrum. The VB
investigation allowed the identification of two additional features, comparing with VB corresponding to TiO,
films prepared in Ar-O,: one peak (Ti 3d) situated between the VBM and the Fermi level attributed to under-
stoichiometric TiO, and the other additional peak was necessary to fit the VB spectra in the e, states region.
Such a split in the e, states region has been reported for TiO, particles with reduced dimensions and for
annealed nanocrystalline TiO, films which have larger crystallite sizes being correlated with a conversion
upon annealing to the anatase phase with a larger, more complex unit cell. The XRD patterns for these films
reveal an amorphous structure. SEM images show a dense surface morphology with agglomerated grains and
very compact, homogeneous columnar growth. The post-growth annealing in vacuum at 900°C of TiO, films
prepared in Ar-H, atmosphere improved the crystalline structure of the films, the rutile phase of TiO, being
obtained. A different behaviour of the films structure as compared with the films prepared in Ar and Ar-O,
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plasma was observed in the SEM images for the films prepared in Ar-H, plasma. The columnar structure

from the as-grown film is preserved after annealing in vacuum, with less porosity.
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5. Extrinsic doEing of TiO: films

One potential candidate for TCOs whithout indium is Nb-doped titanium dioxide, therefore

understanding the doping mechanisms and limits when Nb is introduced in the TiO, lattice is of great
importance. The Nb effect on the structural and morphological properties of the films was also
investigated.
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5.1 Introduction

In this chapter Nb-TiO, thin films were prepared by RF sputtering, in Ar atmosphere, at room temperature
or at various substrate temperatures. Two different target arrangements were used in these experiments: a
mosaic target, in which Nb wires were placed on the TiO, target, and co-sputtering from separately TiO, and
Nb targets for a better control over the Nb concentration. In the later arrangement, low concentrations (<
2.3%) of Nb in the films were obtained. Post-growth annealing in vacuum at 900°C was performed. The
structural and morphological properties of the films were investigated by X-ray Diffraction (XRD) and
Scanning Electron Microscopy (SEM). Using X-ray Photoelectron Spectroscopy (XPS) the films chemical

composition was investigated.

5.2 Sputtering from TiO,-Nb mosaic target
5.2.1 Effects of cathode self-bias voltage

The cathode self-bias voltage was varied from -350 V to -750 V in order to optimize the preparation
process of extrinsically-doped TiO..

5.2.1.1 Influence of cathode self-bias voltage variation on the films growth rate

The film thicknesses were measured for Nb-doped TiO, thin films prepared in Ar plasma and the growth
rate was determined. From Figure 5.1 can be seen that the growth rate is increasing with the applied self-bias
voltage at cathode. The maximum value was obtained for a cathode self-bias voltage of -750 V (2.96+0.12

nm/min).
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Figure 5.1 Growth rate as a function of cathode self-bias voltage
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5.2.1.2 Influence on chemical composition

XPS measurements were performed for Nb-doped TiO, films prepared in Ar plasma, at different cathode
self-bias voltages. The C 1s, O 1s, Ti 2p and Nb 3d core levels spectra were acquired. Three components
were necessary for fitting C 1s and O 1s core-levels spectra for Nb-doped TiO, films, described in Chapter 4.

For Ti 2p core-level of Nb-doped TiO, prepared in Ar plasma, three components were necessary for the fit,
like in Figure 5.2 (a). Ti*" and Ti®" states were detected in the XPS spectra for Ti 2p. The component
corresponding to Ti** states in Ti 2py, peak was too small to be detected. Nb 3d core level spectrum with the
fit results for Nb-doped TiO, film prepared in Ar plasma at -550 V is shown in Figure 5.2 (b). The Nb 3d
core level spectrum consists of Nb 3ds, and Nb 3ds, contributions. The Nb 3ds, BE value is attributed in
literature to Nb** states in Nb,Os [1].
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Figure 5.2 () Ti 2p and (b) Nb 3d core levels for Nb-doped TiO, film, prepared in Ar plasma (-550 V)

The BEs of Oy, Ti* 2p3», Ti*" 2ps, and Nb®* 3ds, components are listed in Table 5.1. A shift of O 1s and
Ti*" 2ps, BEs toward higher energies with respect to that of rutile was observed in all the samples [2],with a
difference between Ti** 2ps,and O, peak BEs of 71.52+0.02 eV.

The concentration of Nb was determined for each sample and the values are given in Table 5.1. The
concentration of Nb in the films prepared in Ar plasma is decreasing when the cathode self-bias voltage is
increasing. This decrease of Nb concentration in the films can be explained by an increased cross-
contamination process of the two components of the TiO,-Nb mosaic target leading to Nb wires oxidation
and/or TiO,-coated Nb wires.

The chemical formulas were determined, described as Ti;.\NbyO,, using the main component of O 1s core-
level (designated as O,) corresponding to oxygen bonded to titanium in TiO,, the entire Ti 2p and Nb 3d

spectra.
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The chemical composition in Nb-TiO, films were obtained and are shown in Table 5.1. Similar values of x
and y in Ti-«NbyO, films prepared at -350 V and -550 V can be observed, indicating a substitution of Ti by
Nb in the film structure. For the film prepared at -750 V, more Nb is obtained according to the chemical
composition, more probably due to the formation of Nb oxide. The values of x in Ti;xNb,O, films are

decreasing with increasing the cathode self-bias voltage indicating an increase in the oxygen vacancies.

Table 5.1 O,, Ti*" 2p32, Ti** 2ps, and Nb** 3ds, BEs, Nb atomic concentration in the films and the chemical

formula

Cathode
self-bias BE(O,) BE(Ti**2ps,) BE(Ti** 2ps,)  BE(Nb® 3ds),) Chemical
voltage (eV) (eV) (eV) (eV) AE (V) Nb(at%) composition
V)
rutile 529.75 458.35 - - 71.40 - -
-350 530.51 458.98 457.73 207.53 71.53 12.16 Ti1.033Nbg 3702
-550 530.47 458.93 457.79 207.48 71.54 9.47 Ti1.0.3oNbg 2802
-750 530.27 458.77 457.51 207.35 71.50 5.22 Ti1011Nbg 160,

The VB spectrum for Nb-doped TiO, film prepared at a cathode self-bias voltage of -550 V is shown in
Figure 5.3 (b) together with the VB for TiO, film prepared in the same conditions, for comparison. The same
components were identified as for the TiO, film prepared in Ar plasma, described in detail in Chapter 4.

(@) TiO,, Ar

Intensity (a.u.)

Intensity (a.u.)

Binding energy (eV)

Figure 5.3 VB spectra for (a) TiO, and (b) Nb-doped TiO, prepared in Ar plasma, at -550 V

In the next experiments, Nb-doped TiO, films prepared at cathode self-bias voltages of -550 V and -750 V

were used, having a higher thickness then the ones prepared at a cathode self-bias voltage of -350 V.
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5.2.2 Structure and morphology of as-grown films at room temperature

The structure of Nb-doped TiO, films prepared in Ar plasma, at -750 V was investigated with XRD. The
as-grown films reveal an amorphous structure. The top-view and cross-section images (Figure 5.4) of Nb-
doped TiO, show a dense morphology with agglomerated grains and a dense columnar structure, adherent to
the Si (100) substrates.

Figure 5.4 (a) Surface and (b) cross-section images for as-grown Nb-TiO,
film prepared in Ar plasma

5.2.3 Influence of post-growth annealing in vacuum on the film chemical composition

Post-growth annealing at 900°C for 1h in vacuum was performed for Nb-doped TiO, films prepared in Ar
plasma, at a self-bias cathode voltage of -750 V, in order to improve the structure of the films.

C 1s, O 1s, Ti 2p and Nb 3d core levels were acquired using XPS, in order to investigate the oxidation state
of the films after post-growth annealing and are shown in Figure 5.5. For comparison, the XPS spectra for
as-grown Nb-doped TiO, are shown. O,, Ti*" 2ps,, Nb>* 3ds, BEs for as-grown and annealed Nb-doped TiO,
prepared in Ar plasma are listed in Table 5.2. A slight shift toward lower BEs was observed in the annealed
samples. The oxidation states of Ti and Nb does not change after annealing.

From the chemical composition of Nb-TiO, film before and after annealing in vacuum it is observed that
after annealing x in Ti,.\NbyO, does not change considerably.
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Figure 5.5 0 1s (a), Ti 2p (b) and (c) Nb 3d core-levels XPS spectra for as-grown and post-growth
annealed Nb-doped TiO, film prepared in Ar
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Table 5.2 O, Ti** 2ps,, Nb** 3ds,, BEs for as-grown and annealed Nb-doped TiO, prepared in Ar plasma

BE(O)) BE(Ti* 2ps,) | BE(Nb® 3ds),) Chemical composition

(eV) (eV) (eV)
as-gr ann as-gr ann as-gr ann as-gr ann
530.27 530.14 | 458.77 458.66 | 207.34 207.21 | Ti1011Nbg1602 | Tiz010NDo160;

5.2.4 Influence of post-growth annealing in vacuum on the film structure and morphology

The structure of annealed in vacuum Nb-TiO, film prepared in Ar plasma at -750 V was investigated and is
shown in Figure 5.6. Both anatase and rutile phases of TiO, were identified with weak intensities. The grain
size was calculated using to Scherrer equation using A(101) and R(110) peaks and values of ~22 nm and

~6.3 nm were calculated.
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Figure 5.6 XRD pattern for annealed in vacuum Nb-TiO, film, prepared in Ar plasma

The morphology of annealed Nb-doped TiO, film prepared in Ar plasma is dense and the columnar
structure is preserved, like in Figure 5.7. The surface is not damaged after annealing, like in TiO, films

prepared in the same conditions.
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Figure 5.7 Top-view and cross-section images for annealed Nb-doped
TiO;, film prepared in Ar plasma

5.2.5 Effects of substrate temperature during the films deposition
5.2.5.1 Influence of substrate temperature on the film chemical composition

The substrate temperature was increased at 350°C during Nb-TiO, films deposition at a cathode self-bias
voltage -750 V and the chemical states of Ti 2p and Nb 3d were studied with XPS. The C 1s, O 1s, Ti 2p and
Nb 3d core-levels for the sample described before were acquired (not shown).

The C 1s and O 1s core-levels can be well fitted with three components, with the same meaning as in the
previous sections. The Ti 2p core-level is fitted with three components, two corresponding to Ti** states in
TiO, and the other one component corresponding to Ti®* states. In the case of Nb 3d core-level two
components were necessary corresponding to Nb>* states in Nb,Os, while Nb-TiO, film deposited without
intentional heating, one more component was necessary for a good fit of Nb 3d core level, corresponding to
Nb* states in NbO,. The BEs for O, Ti** 2ps;, Ti** 2ps, Nb** 3ds,, Nb** 3ds, are listed in Table 5.3.

From the chemical formulas for the sample prepared at room temperature and the one deposited at 350°C
substrate temperature (see Table 5.3) one can conclude that the deposition of Nb-TiO, at 350°C substrate
temperature resulted in a better substitution of Ti by Nb than the one made at room temperature due to the
close values of x and y in Ti..\Nb,O,. The increase of x value for the sample prepared at 350°C substrate
temperature indicate a decrease in the oxygen vacancies as compared to the sample prepared at RT.

Table 5.3 O, Ti* 2psp, Ti** 2pap, Nb** 3ds, and Nb** 3ds, Bes and the chemical composition of NB-TiO2

films prepared in Ar plasma, at various substrate temperatures during the deposition

Substrate | BE(O) | BE(T 20x) | BE(TI" 2psn) | BE(ND™ 3dso) | BE(ND 3d) | g ?E ) Chemical
temperature | (eV) (eV) (eV) (eV) (eV) ! (eV)p3/2 composition
RT 530.27 458.77 457,51 207.35 205.85 71.50 Ti;.011NDg 160,
350°C 530.55 459.07 457.76 207.60 - 71.48 Ti.0.14Nbg 1602
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5.2.5.2 Influence of substrate temperature on the film structure

XRD patterns reveal an amorphous structure for Nb-TiO, films deposited at room temperature and the one
deposited at 350°C substrate temperature. Even at high substrate temperature (350°C) the extrinsically-doped

TiO, was amorphous.

5.3 Co-sputtering from separate TiO, and Nb targets

For a better control over the concentration of Nb in Nb-doped TiO, thin films, another configuration was
adopted: co-sputtering from separate TiO, and Nb targets. The depositions were performed at a constant self-
bias voltage of -850 V on the TiO, target. Powers in the range 1-5 W were used for Nb sputtering. The carrier
gas was argon. Low concentrations of Nb (<3%) were obtained using co-sputtering from TiO, and Nb
targets.

5.3.1 Film growth rate

The growth rates were determined for Nb-doped TiO, films deposited in Ar plasma. The variation of the
growth rate as a function of the applied power to Nb target is shown in Figure 5.8. As can be observed in the
figure, the growth rate slightly increases with the power applied to Nb target. The maximum growth rate
(2.19+0.23 nm/min) was found when the power applied to Nb target was 5 W. The increase in growth rate
can be explained by the fact that the powered Nb cathode contributed in increasing the ion density of the
discharge.
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Figure 5.8 Growth rate for Nb-TiO, films prepared in Ar plasma, at -850 V on TiO,
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5.3.2 Chemical composition

The C 1s, O 1s, Ti 2p and Nb 3d core levels spectra were acquired with XPS for Nb-doped TiO, films

prepared in Ar plasma, varying the power applied to Nb target. Three components were necessary for fitting

C 1s and O 1s core-levels spectra. For Ti 2p core-level of Nb-doped TiO, prepared in Ar plasma, three
components were necessary for the fit. Ti** and Ti** states were detected in the XPS spectra for Ti 2p. For

Nb 3d core level spectrum only two components were necessary. Only the Nb*® states were detected in these

films.

The BEs of O, Ti** 2psp, Ti** 2ps, and Nb>* 3ds;, components are listed in Table 5.4. A shift of O 1s and
Ti*" 2ps, BEs toward higher energies with respect to that of rutile was observed in all the samples [2],with a
difference between Ti** 2ps, and O, peak BEs of 71.45+0.01 eV.

Table 5.4 O, Ti** 2ps2, Ti** 2pa, and Nb** 3ds, BEs

Voltage  Applied power BE(O,) BE(Ti* 2psy,) BE(Ti** 2psp) BE(ND™ 3ds,)  AE (O,-Ti**2pas)

(V) to Nb (W) (eV) (eV) (eV) (eV) (eV)

0 0 (TiO,) 530.25 458.82 - - 71.43

19 1 530.28 458.82 457.63 207.45 71.46

37 2 530.27 458.83 457.76 207.50 71.44

46 3 530.28 458.83 457.64 207.40 71.45

55 4 530.27 458.82 457.66 208.64 71.45

66 5 530.40 458.94 457.73 207.44 71.46

- rutile 529.75 458.35 - - 71.40

The concentration of Nb was determined in Nb-doped TiO, thin films prepared in Ar plasma, at different

powers applied to the Nb target. The obtained values are given in Table 5.5 and are plotted in Figure 5.9 as a

function of the power applied to Nb target. For 1 and 2 W, it was not possible to determine the exact value of
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Figure 5.9 Nb concentration as a function of the power applied at Nb target;
the curve is an exponential fit of the plot
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the Nb concentration from the XPS spectra, due to very low intensity of Nb 3d peaks. The interpolated Nb
concentrations for 1 W and 2 W were derived from Figure 5.9.

The chemical compositions were obtained and are listed in Table 5.5. An explanation for the decreased
value of x in Ti;«Nb,O, for the films prepared from two separate TiO, and Nb targets can be attributed to the
formation of oxygen vacancies in the films. For the film prepared at 4 W the chemical composition indicates

a better substitution of Ti by Nb atoms.

Table 5.5 %Nb and the chemical formulas in extrinsically-doped TiO,

Applied power to %Nb Chemi_cgl
Nb (W) composition
1 0.04  Tiz+0.04NDg 000102
2 0.11 Ti140.04NDg 00030
3 0.13 Til+0.09Nb0.000402
4 0.95 Ti14004NDg 030

5.3.3 Structure of as-grown films at room temperature

X-ray Diffraction patterns reveal an amorphous structure for all Nb-doped TiO, films prepared in Ar

plasma, by co-sputtering fromTiO, and Nb targets.

5.3.4 Influence of post-growth annealing in vacuum on the film chemical composition

Like in the others experiments, in order to obtain a polycrystalline structure of the films, post-growth
annealing at a temperature of 900°C for 1h in vacuum was performed for extrinsically-doped TiO, films,
prepared in Ar plasma. Only two samples were analyzed by XPS: the sample prepared at an applied power to
Nb target of 1 W and the sample prepared at 4 W, being of interest due to the excellent electrical properties,
described in detail later, in Section 7.3.2.

The O 1s, C 1s, Ti 2p and Nb 3d core-levels were acquired for both samples. In Figure 5.10 only the O 1s
and Ti 2p XPS spectra are shown for the annealed samples, for which niobium was sputtered with 1 W and 4
W. The O 1s and C 1s for both films are well fitted with three components. For fitting the Ti 2p core-level
spectra, the sample prepared at 1 W needs to be fit with two components only (Ti**), while in the sample
prepared with higher power applied to Nb the Ti** states were detected.

The BEs for O,, Ti** 2pa, and Ti** 2p,y, are listed in Table 5.6, together with the as-grown Nb-doped TiO,

films, for comparison.
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(a) (b)

529 530 531 532 533 534 535 456 458 460 462 464 466 468

Intensity (a.u.)

Intensity (a.u.)
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Figure 5.10 (a) O 1s and (b) Ti 2p XPS spectra for Nb-doped TiO, thin films, with the
applied power to Nb target of 1 W (bottom) and 4 W (top)

The Nb 3d core-level XPS spectrum for the sample in which Nb was sputtered with 4 W is shown in Figure
5.11. For the sample prepared with the power of 1 W, the concentration of Nb was too small to be acquired
with high resolution of the peaks with XPS. Nb>* and Nb** oxidation states were detected in the Nb 3d XPS
spectrum. In Table 5.6 the BEs of Nb®>* 3ds, and Nb** 3ds, are listed for both as-grown and post-growth
annealed samples.

The chemical composition for the annealed samples was determined and compared with the ones for the
as-grown samples. For the sample prepared at 1 W the chemical composition for the as-grown film was
Ti1+0.04Nbo.00010> and for the film annealed in vacuum was found to be Tiy.24Nbg110,. A decrease for X in
Ti;xNb,O, was observed indicating the formation of more oxygen vacancies after annealing in vacuum. For
the sample prepared at 4 W the chemical composition for the as-grown film was Ti.004NbBg 030, and for the
film annealed in vacuum was found to be Ti;.01602Nbg 10. In this case, X in Ti;xNb,O; is increased indicating
less oxygen vacancies formed during the annealing in vacuum. For the annealed sample prepared at 4 W, the
chemical composition indicates a better substitution of Ti by Nb atoms.
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Table 5.6 O|, Ti4+ 2p3/2, Ti3+ 2p3/2, Nb5+ 3d5/2 and Nb4+ 3d5/2 BEs

Applied

AE

power BE(O)) BE(Ti* 2pap) BE(Ti* 2pap) V) BE(Nb®* 3ds) BE(Nb* 3ds)
to Nb (W) (eV) (eV) (eV) (eV) (eV)
as-gr ann as-gr ann as-gr ann as-gr ann as-gr ann as-gr ann
1 530.28 530.93 458.82 459.75  457.63 - 71.46 7118  207.45 207.78 - -
4 530.27 531.10 458.82 459.80 457.66 45854  71.45 71.30  208.64 208.38 207.44

Intensity (a.u.)

of©
o+ @
Jb.

T T T T T T
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Figure 5.11 Nb 3d XPS spectrum for Nb-doped TiO, film
with the applied power to Nb target of 4 W

5.3.5 Influence of post-growth annealing in vacuum on the film structure

The structure of post-growth annealed Nb-doped TiO, films with different concentrations of Nb were
investigated with XRD. The A(101) and R(110) peaks position and FWHM corresponding to anatase (101)

oriented direction and rutile (110) oriented direction are listed in Table 5.7. For comparison, TiO, film

prepared in the same conditions is given.

The annealed in vacuum TiO, film shows only the anatase phase with ~16.5 nm grain size. For annealed in
vacuum Nb-TiO, films deposited by co-sputtering from two separate targets at low powers applied to the Nb
target (1-3 W) only the anatase (101) peak was observed, with a decrease in the grains dimension. At 4 W the
rutile peak was detected, while at 5 W both anatase and rutile phases were identified. An explanation for the

rutile peak observed in the XRD pattern for the sample prepared at 4 W can be the segregation of Nb as Nb

oxide amorphous.
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Table 5.7 The positions and the FWHMSs of the detected XRD peaks for post-growth annealed Nb-TiO,

Applied

Power Phase 20(deg) FWHM Gr?r:?nilze
to Nb (W)

0(TiOy) A(101) 25.21 0.480 16.5
1 A(101) 25.26 0.535 14.8

2 A(101) 25.26 0.390 20.6

3 A(101) 25.29 0.590 13.3

4 R(110) 27.21 0.790 9.9

5 A(101) 25.21 0.530 14.9
R(110) 27.26 0.840 9.3

5.3.6 Effects of substrate temperature during the films deposition
5.3.6.1 Influence of substrate temperature on the film chemical composition

The substrate temperature during Nb-TiO, films deposition was varied, from 300°C to 420°C, for films
prepared in Ar plasma, with co-sputtering from TiO, and Nb targets. The applied power to the Nb target was
set to 4 W.

The chemical states of the core-levels were studied with XPS. The C 1s, O 1s, Ti 2p and Nb 3d core-levels
were acquired. In Table 5.8 the BEs of O,, Ti** 2ps2, Ti*" 2ps,, Nb™ 3ds;, and Nb** 3ds, for the samples
deposited at different substrate temperatures together with the sample prepared at room temperature are
given. As can be seen, when the film is deposited heating the substrate up to 300°C or more, only Ti*" states
were detected in the XPS spectra of Ti 2p core-level. Nb** states were identified in the Nb 3d core-level
spectra for substrate temperatures below 350°C. The atomic ratio Nb**/Nb>* was calculated and is given in
Table 5.8.

The chemical composition of the samples was investigated. It was observed that x in Ti«Nb,O, is
decreasing until 350°C substrate temperature indicating the formation of more oxygen vacancies in these
films. For higher substrate temperatures x is decreasing indicating less oxygen vacancies in the respective
films. A good substitution of Ti by Nb atoms is observed only in the sample prepared at RT and the one

prepared at 420°C substrate temperature.

Table 5.8 O, Ti*" 2ps2, Ti*" 2pa, Nb>* 3ds, and Nb** 3ds, Bes, Nb**/Nb*" atomic ratio and the chemical

composition for Nb-TiO, films deposited at various substrate temperatures

BE BE AE BE BE A4 0 15+ Chemical
TSR0 (2w (T2p)  (OFTi2ps)  (N6™3di)  (Nb"3dw) g 0 composition
(eV) (eV) (eV) (eV) (eV) '

RT 530.27 458.82 457.66 71.45 208.64 - - Ti140.04NDbg 030,
300°C  529.88 458.67 - 71.21 207.19 - - Ti14+0.10NDbg 020,
350°C  529.84 458.58 - 71.26 207.08 206.24 0.021 Ti14+0.16NDbg 030,
400°C  529.88 458.63 - 71.25 207.15 206.31 0.016 Ti1-0.05Nbg 0205
420°C  530.02 458.79 - 71.23 207.32 206.51 0.039 Ti140.03ND0.020,
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5.3.6.2 Influence of substrate temperature on the film structure

The structure and the morphology of the Nb-TiO, samples deposited at various substrate temperatures were
investigated. XRD spectra for the films are shown in Figure 5.12. The sample deposited without intentional
heating shows an amorphous structure. At low substrate temperature (300°C) the anatase phase was detected.
Increasing the temperature, the anatase-to-rutile transformation occurs. Usually, this transformation occurs at
a temperature of ~450°C.

In Table 5.9 the A(101) and R(110) peaks positions and the FWHMs of the peaks are given. As can be
seen, there is no significant variation in the grains dimension with an increase in the substrate temperature.
The grain size for the films prepared at various substrate temperatures and the one prepared at room

temperature is ~10 nm.

Table 5.9 The positions and the FWHMSs of the detected XRD peaks for Nb-TiO, prepared at various
substrate temperatures

Substrate Grain size

temperature Phase 20(deg) FWHM (nm)
RT R(110) 27.21 0.790 9.9
300°C A(101) 25.26 0.752 10.4
350°C R(110) 27.46 0.784 9.9
400°C R(110) 27.42 0.773 10.1
420°C R(110) 27.40 0.719 10.8
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Figure 5.12 XRD patterns for Nb-TiO, films (-850 V for TiO, target and 4 W for Nb
target) prepared in Ar plasma at various substrate temperatures
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The top-view and cross-section images for the sample deposited at 350°C substrate temperature (Figure

5.13) shows a dense morphology with agglomerated grains and a dense columnar structure.

Figure 5.13 The top-view and cross-section images for Nb-TiO, film
deposited at 350°C substrate temperature (-850 V for TiO, target and 4 W
for Nb target)
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5.4 Concluding remarks

Nb-TiO, films were deposited in Ar plasma, using two different target arrangements: a mosaic target, in
which Nb wires were placed on the TiO, target, and co-sputtering from separately TiO, and Nb targets for a
better control over the Nb concentration.

The chemical composition of Nb-TiO, films sputtered from a TiO,-Nb mosaic target in Ar plasma (RT) at
various cathode self-bias voltages was investigated. In this configuration high values for Nb concentration in
the films were obtained (5-12%). A decrease of Nb concentration in the films with increasing the cathode
self-bias voltage was observed explained by an increased cross-contamination process of the two
components of the TiO,-Nb mosaic target leading to Nb wires oxidation and/or TiO,-coated Nb wires.
According to the chemical composition a better substitution of Ti by Nb was observed at low cathode self-
bias voltages (-350 V and -550 V), while at higher cathode self-bias voltage (-750 V) Nb-oxide is formed.
An increase in the number of oxygen vacancies was observed with increasing the cathode self-bias voltage.
The as-grown Nb-TiO, films were having an amorphous structure and a dense morphology with
agglomerated grains. The post-growth annealing in vacuum at 900°C of the films improved the crystalline
structure of the films, both anatase and rutile phases being detected, and an increase in the number of oxygen
vacancies in the chemical composition was observed. The columnar structure from the as-grown film is
preserved after annealing in vacuum. The deposition of Nb-TiO, at 350°C substrate temperature resulted in a
better substitution of Ti by Nb than the one made at room temperature, with less oxygen vacancies in the
film, but with an amorphous structure.

In the second configuration, when Nb-TiO, films were co-sputtered from two separate TiO, and Nb
targets in Ar plasma (RT), low Nb concentrations were measured in the films ( < 2.3%). The chemical
composition of these films indicates the formation of oxygen vacancies during the deposition, but a higher
number than in the films sputtered from a TiO,-Nb mosaic target. For the film prepared at 4 W applied to Nb
target (0.95% Nb) the chemical composition indicates a better substitution of Ti by Nb atoms. Also these
films, deposited at RT, show an amorphous structure. The post-growth annealing in vacuum at 900°C of the
films improved the crystalline structure of the films, with anatase phase detected at low powers applied to Nb
target ( < 0.13%Nb) and anatase - rutile mixture at 5 W (2.3%Nb). The sample prepared at 4 W shows the
rutile phase and from the chemical composition after annealing in vacuum a better substitution of Ti by Nb
was observed. The deposition of Nb-TiO, films at various substrate temperatures during the deposition
(300°C - 420°C) resulted in a better substitution of Ti by Nb at high substrate temperature (420°C), and the
rutile phase was detected. The formation of more oxygen vacancies as compared to the sample prepared at
RT was confirmed by the chemical composition of the films prepared at 300°C and 350°C. For higher

substrate temperatures (400°C and 420°C), less oxygen vacancies were observed.
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6. TiO: film deposition and
characterization for intrinsic-extrinsic
co~dopin

In this chapter a mixed intrinsic-extrinsic doping of TiO, films, obtained by Nb incorporation and the

creation of internal defects is investigated, using O, and H, as reactive gases for intrinsic doping and Nb
as extrinsic dopant. The structural, morphological and the chemical composition of these films were
studied.
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6. TiO, film deposition and characterization for intrinsic-extrinsic co-doping

6.1 Introduction

In this chapter co-doped Nb-TiO, films were deposited by RF sputtering, using O, and H, as reactive gases
for intrinsic doping and Nb as extrinsic dopant. Two different target arrangements were used in these
experiments: a mosaic target, in which Nb wires were placed on the TiO, target, and co-sputtering from
separately TiO, and Nb targets. Their structural and morphological properties were investigated by X-ray
Diffraction (XRD) and Scanning Electron Microscopy (SEM). The changes in the chemical composition

were studied using X-ray Photoelectron Spectroscopy (XPS).

6.2 Film deposition in Ar-O, plasma

6.2.1 Sputtering of Nb-TiO, films from a mosaic target

The Nb-TiO, thin films presented in this section were sputtered from a mosaic target, described in the
experimental section. Oxygen concentration introduced in Ar plasma was varied from 3 to 20%. The cathode
self-bias voltages were fixed at -550 V and -750 V.

6.2.1.1 Film growth rate
The growth rates for Nb-TiO, films deposited in Ar-O, atmospheres were determined for films deposited at
-550 V and are plotted as a function of the oxygen introduced in Ar discharge in Figure 6.1. The highest

growth rate was obtained for the film prepared in Ar plasma (0.51+0.02 nm/min). This value is higher

compared to the TiO, film deposited in Ar, where the film growth rate was 0.41+0.02 nm/min.

0.6

0.5
0.4
0.3

]

0.1

Growth rate [nm/min]
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Figure 6.1 Film growth rate for Nb-TiO, prepared in Ar-O, atmosphere, at -550 V
self-bias voltage on mosaic Nb-TiO, cathode
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When a small amount of oxygen is added in discharge, a decrease of the Nb-TiO, films growth rate is
observed until a value of 0.22+0.02 nm/min, followed by a region with approximately constant values for the
growth rate, when higher concentrations of oxygen are added in discharge. This behavior is similar to the
TiO, films growth rate. A decrease was observed when O, was added in Ar plasma with a minimum at 6%0,

(0.14+0.02 nm/min). For 20%0, added in Ar plasma the Nb-TiO, and TiO, films growth rate was found to
be the same (0.24+0.02 nm/min).

6.2.1.2 Film chemical composition

The C 1s, O 1s, Ti 2p and Nb 3d core-levels and the VB were acquired with XPS in order to analyze the

chemical composition of Nb-doped TiO, films deposited in Ar-O, atmosphere, at -550 V.

C 1s and O 1s core-levels spectra for Nb-TiO, films deposited in Ar-O, atmosphere can be well fitted with
three components. For Ti 2p and Nb 3d core-levels, two components were used for a good fit, corresponding
to Ti* and Nb°* states. The O,, Ti*" 2ps, and Nb>* 3ds, BEs are listed in Table 6.1. The difference between

Ti*" 2ps,and O, peak BEs are also reported in the Table.

Table 6.1 O, Ti** 2ps, and Nb>* 3ds/, BEs for Nb-doped TiO, films prepared in Ar-O, atmosphere

%0, O (eV)  Ti* 2psp(eV) AE@ev) Nb™ 3ds, (eV)  Nb(%) ?Qf[,?fﬁ:"
pure-Ar  530.47 458.92 71.55 207.48 9.47  Tiy93Nbg0,
3% 530.33 458.78 71.55 207.24 6.21  Tiz022NDbg 190,
6% 530.31 458.79 71.60 207.32 582  Tis015Nbo 105
10% 530.29 458.77 71.52 207.34 551  Tiy017NDo170;
13% 530.19 458.67 71.52 207.22 540  Tiy919Nbg160,
20% 530.21 458.68 71.53 207.26 558  Ti1019Nbg 170,
10
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Figure 6.2 Nb concentration variation as a function of O, added in Ar plasma

-112 -



6. TiO, film deposition and characterization for intrinsic-extrinsic co-doping

The concentration of Nb in the Nb-TiO, films was determined from the XPS measurements and is listed in
Table 6.1. As can be seen in Figure 6.2 a strong decrease is observed for a small quantity of oxygen (3%)
added in Ar plasma. After 3%0,, the Nb concentration in the films with increasing the oxygen quantity in Ar
plasma remains in the range 5-6%. The chemical compositions were determined for Nb-TiO, films deposited
in Ar-O, and are given in Table 6.1. Similar to the TiO, films prepared in Ar-O, in the same conditions as
Nb-TiO, films, a decrease of x in Ti;-«NbyO, is observed, with a minimum at 6%0, added in Ar plasma, after
this oxygen concentration x in Ti;«Nb,O, increasing again. The variation of x in Ti;4Nb,O, with the O,
concentration added in the gas mixture can be attributed to the formation of oxygen vacancies during the
deposition at room temperature. According to the chemical compositions of Nb-TiO, films seems that Ti is
not substituted by NDb in these films, and only oxygen vacancies are formed.

The VB of Nb-doped TiO, films prepared at various oxygen concentrations added in Ar plasma was
investigated. The VBs for Nb-doped TiO; films prepared in Ar-O, atmosphere, with 3% and 20%0, added in
discharge are shown in Figure 6.3 (b) and (c). For comparison, the VB of the sample prepared in pure-Ar is
shown in Figure 6.3 (a). Four components were necessary for fitting the VB spectra, as described in Chapter
4. The VBM of the films prepared in Ar-O, atmosphere were determined and are listed in Table 6.2.

Intensity (a.u.)

Binding energy (eV)

Figure 6.3 VB spectra for Nb-doped TiO, films prepared in (a) Ar plasma,
(b) 3%0, and (c) 20%0, added in Ar-O, atmosphere (-550 V)

-113 -



6. TiO, film deposition and characterization for intrinsic-extrinsic co-doping

Table 6.2 Fit results for VB of Nb-TiO, prepared in Ar-O, atmosphere

[%04] \ff\/'\]/l Peak | Peak 11 Peak 111 Peak IV
pureAT 314 | pwimey) | 13 | 206 | oor | o
B 20| oy | 1 | 208 | zor | o6t
% 22 | cwawew | 1se | 1es | 200 | om
0% 29 | iy | 1 | 2% | o1 | oms
1% 262 | pwewew | 112 | 2% | o1 | om
2% 27 | ey | 1se | e | sor | osr

From the VB spectra, the area under the peak IV in Figure 6.3, indicated to be given by the contribution
coming from OH groups as a consequence of H,O dissociation was determined and plotted as OH3c/VB in
function of O, in Ar-O, atmosphere in Figure 6.4. As can be seen, the OH3c/VB is decreasing when O,
concentration in discharge is increased. Comparing with TiO, films prepared in Ar-O, atmosphere, the
values for OH3c/VB in Nb-TiO, films were much lower and decreasing with increasing the oxygen
concentration in the gas mixture. For the sample prepared in pure-Ar OH36/VB value obtained for TiO; film

was 0.028, while for Nb-TiO, film was 0.014. An increase for OH3c/VB value was observed for TiO, films

with increasing x in TiO,.

OH306/VB area ratio

0.014

0.012

0.010

0.008

0.006

0.004

0.002 1

0O, added in Ar plasma (%)

Figure 6.4 OH3c6/VB as a function of O, added in Ar plasma (-550 V)
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6.2.1.3 Film structure and morphology

The Nb-TiO, films structure was analyzed by XRD. All the samples were having an amorphous structure.
The top-view and cross-section SEM images for Nb-TiO, film deposited in Ar-O, atmosphere, with 20%0,
added in Ar plasma, at -750 V are shown in Figure 6.5. The film shows a dense morphology with

agglomerated grains and a dense columnar structure.

Figure 6.5 (a) Top-view and (b) cross-section images for Nb-TiO, film
prepared in Ar-O, (20%0,)

6.2.1.4 Influence of post-growth annealing on the film chemical composition

Post-growth annealing at 900°C for 1h in vacuum of Nb-TiO, films deposited at -750 V in Ar-O, gas
mixture (20%0,) was performed. The changes in core-levels were investigated with XPS. In Figure 6.6 are
shown the O 1s, Ti 2p and Nb 3d XPS spectra, for as-grown and post-growth annealed Nb-TiO; films. In O
1s, an increase in the second component after annealing is observed. Ti** states were detected after annealing
in the Ti 2p core-level. Also in Nb 3d core-level additional states were detected after annealing, the Nb**
states. The BEs of O, Ti*" 2pas, Ti** 2pas, Nb** 3ds, and Nb** 3ds, for as-grown and post-growth annealed
Nb-TiO, films prepared in 20%0, in Ar-O, atmosphere are listed in Table 6.3.

The chemical composition was determined for both as-grown and annealed in vacuum films and is given in

Table 6.4. No considerable change is observed in the x value in Tiy.\Nb,O, after annealing in vacuum.

Table 6.3 O, Ti*" 2psp, Ti* 2p3,, Nb** 3ds, and Nb** 3ds), BEs for as-grown and post-growth annealed Nb-
TiO, prepared in Ar-O,

or yrs
BE(O) BE(TI" 2ps) | BE(® 20 | o %0 o | T | P ey
V) (eV) (eV) i
V)
as-gr ann as-gr ann as-gr ann as-gr ann as-gr ann as-gr ann
20%0, | 530.11 530.15 | 458.62  458.97 - 456.91 | 7149 7118 | 207.15 207.31 - 205.92
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Table 6.4 Nb concentrations, Nb*/Nb®* and the chemical compositon for as-grown and post-growth

annealed Nb-TiO, prepared in Ar-O,

%Nb Nb*/Nb** Chemical composition
as-gr ann as-gr ann as-gr ann
20%02 4.57 6.92 - 0.0052 Til-O.lONbO.14OZ Til-OAlleOAZlOZ
° - - ° - ° as-grown
@O e S CLE I *ameaieg | 10O, e |
e % g8 B Ti* o, ©
g 8 ° o) o
S, 084 s 2 08 . 08 K3
2 s :
E 0.6 3 % 064 06 N :D:@;%,ﬂw
2 J s, £ o
N N : B so oo
= 0.4 o .4 - 0.4 o ° ° or °
2 : 3 P
0.2 :: 0.2 0.2 & @ ‘gf e
B 5 s X
§ s o 3 o
0.0 0.0 4 00 e %%
534

T T T T T T T T T T T T T
528 529 530 531 532 533 535 460 462 464 466 207 208 209 210 211 212

Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 6.6 O 1s, Ti 2p and Nb 3d XPS spectra for as-grown and post-growth annealed in
vacuum Nb-TiO; films prepared in Ar-O, atmosphere (20%0,), at -750 V

6.2.1.5 Influence of post-growth annealing on the film structure

After the post-growth annealing of in vacuum of Nb-TiO, film prepared in Ar-O, gas mixture, the XRD
pattern reveals only the anatase phase, as shown in Figure 6.7, while for the Nb-TiO, and TiO, films
prepared in Ar plasma and annealed in vacuum both anasate and rutile phases were detected. The calculated
grain size for post-growth annealed in vacuum Nb-TiO, film prepared in Ar-O, gas mixture using the
Scherrer equation was ~18.4 nm, similar to the values obatined for the Nb-TiO, and TiO, films prepared in

Ar plasma and annealed in vacuum (~22 nm and ~21 nm respectively).

16

TiO, in Ar-0, (20%0,)

144 d=18.4nm

6.92% Nb

q
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%
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Figure 6.7 XRD pattern for post-growth annealed in vacuum Nb-TiO, film
prepared in Ar-O,, with 20%0,
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Even after post-growth annealing at high temperature (900°C), the morphology of Nb-TiO, film prepared

with 20%0, remains dense with agglomerated grains and a dense columnar structure (Figure 6.8).

Figure 6.8 Top-view and cross-section images for post-growth
annealed Nb-TiO; film prepared in Ar-O, (20%0,)

6.2.2 Deposition of Nb-TiO, films by co-sputtering from two separate targets

The Nb-TiO, thin films presented in this section were obtained by co-sputtering from two separate targets
of TiO, and Nb, for a better control over the Nb concentration. Oxygen concentration introduced in Ar
plasma was set at 10% during all the experiments and the applied power to Nb target was varied, in order to
have a wide range of Nb concentrations in the deposited films. The cathode self-bias voltage was fixed at -
850 V.

6.2.2.1 Film growth rate

The growth rate for Nb-TiO, films deposited at -850 V, in 10%0, added in Ar plasma, at various powers
applied to Nb target is shown in Figure 6.9. When Nb is sputtered, the growth rate is decreasing
significantly, from 0.86+0.06 nm/min when no Nb was sputtered, to 0.23£0.02 nm/min when 3 W was

1.0

10%0,

0.8

0.6

0.4

(]

Growth rate (nm/min)

0.2

0.0

T T T T T
2 3 4 5

1
Applied power to Nb target (W)

Figure 6.9 Film growth rates for co-sputtered at RT Nb-TiO, deposited at
10%0, as a function of applied power to Nb target

-117 -



6. TiO, film deposition and characterization for intrinsic-extrinsic co-doping

applied to Nb target. The decrease in film growth rate value is more likely due to the oxidation of the Nb

target in the Ar-O, plasma. Increasing the power, no major changes are observed in the growth rate.

6.2.2.2 Film chemical composition

The core-levels of Nb-TiO, films prepared with 10%0,, at various applied powers to Nb target were
investigated with XPS. For O 1s and C 1s core-levels three components were necessary. In Ti 2p core-level
spectra, Ti** states were detected only for 4 W and 5 W powers applied to Nb target. Niobium was detected in
all the films only as Nb*". In Table 6.5 the BEs of O,, Ti** 2ps2, Ti®" 2ps» and Nb** 3ds, are given.

The Nb concentration in Nb-TiO, films prepared at 10%0, is plotted as a function of applied power to Nb
target in Figure 6.10 and the values are given in Table 6.6. In all the films, the Nb concentration was less the
1%. An experimental fit of the plot could be performed. Interpolated Nb concentration values could be
derived for the films grown at 1 W and 2 W.

The chemical composition of the films was determined and is given in Table 6.6. From the chemical
composition it is observed that x in Ti;«Nb,O, is increasing for the films prepared at 4 W and 5 W as

compared to the sample prepared at 3 W, indicating a reduction in the number of oxygen vacancies in these
films.

Table 6.5 O,, Ti*" 2p32, Ti** 2ps, and Nb*>* 3ds, BEs for Nb-TiO, films prepared in 10%0, and various
applied powers to Nb target

Applied 4+ .34 AE +
PP BE(O)  BE(Ti* 2py)  BE(TI* 2pyy) = BE(Nb®* 3ds,)
power (V) V) ) (Or-Ti2papz) V)

to Nb (W) (eV)
3 529.88 458.56 - 71.32 206.97
4 530.39 459.17 457.97 71.22 210.68
5 529.59 458.44 457.30 71.15 209.13
0.7
0.6 4
ra 0.5 4
é
5 ol
=
§ 0.3 4
8
8 0.2
o]
=2
0.14
]
0.0 A4

T T T T
0 1 2 3 4 5

Applied power to Nb target (W)

Figure 6.10 Nb concentration determined in co-sputtered at RT Nb-TiO, films
prepared with 10%0,, at different applied powers to Nb target
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Table 6.6 Nb concentrations and the chemical composition for Nb-TiO, films prepared in 10%0, and

various applied powers to Nb target

Applied Chemical
power %Nb formula
to Nb (W)
1 0.009 -
2 0.02 -

6.2.2.3 Film structure

The crystalline structure of co-sputtered Nb-TiO, films prepared in 10%0, added in Ar plasma, at various

applied powers to Nb target were investigated by XRD. The films were found to be amorphous.

6.2.2.4 Influence of post-growth annealing on the film chemical composition

Post-growth annealing was performed for all Nb-TiO, samples prepared in 10%0, at various powers
applied to Nb target. The chemical composition of the samples deposited with 3 W and 4 W applied power to
Nb target were analyzed with XPS. No Ti** and Nb** states were detected in the Ti 2p and Nb 3d core-levels
for post-growth annealed samples. In Table 6.7 the BEs of O,, Ti** 2p32, Ti** 2ps, and Nb®* 3ds, are given.

The chemical composition in the as-grown and annealed in vacuum Nb-TiO, films prepared in 10%0,
added in Ar plasma are given. A decrease of x in Ti;«Nb,O, after annealing is observed, indicating an

increase in the number of oxygen vacancies.

Table 6.7 O, Ti** 2ps2, Ti** 2ps, and Nb°* 3ds, BEs

Applied AE
power BE(O)) BE(Ti* 2ps)  BE(Ti* 2pap) ; BE(Nb®* 3dsy,) Chemical
to Nb (eV) (eV) eV (OrTi2ps) (eV) formula
W) €V
as-gr ann as-gr ann as-gr _ann__ as-gr _ ann as-gr ann as-gr ann
3 529.88 530.86 458.56 459.63 - - 7132 71.23 206.97 208.28 Ti1+0190NDbo00102  Ti1+022Nbg 00102
4 530.39 530.80 459.17 45958 457.97 - 7122 7122 210.68 208.14 Ti1+003Nbo.0102 Ti1+0.00Nb0.0102

6.2.2.5 Influence of post-growth annealing on the film structure

After post-growth annealing in vacuum, the structure of Nb-TiO, films prepared in 10%0, with different
concentrations of Nb become polycrystalline. Both anatase and rutile phases of TiO, were detected in the
XRD patterns, as shown in Figure 6.11, with broad peaks. At the highest concentration of Nb in these films,

corresponding to 5 W the applied power to Nb target, the anatase peak A(101) is very intense.
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In Table 6.8 the positions and the FWHMs of the A(101) and R(110) XRD peaks are given, together with
the calculated grain sizes. The grain size appears to decrease for a higher value of Nb concentration in the

films (equivalent with a higher power applied to Nb target).

Table 6.8 The positions and the FWHMs of the detected A(101) and R(110) XRD peaks for post-growth
annealed Nb-TiO, prepared in 10%0,, at various powers applied to Nb target

Applied L
Power Phase 20(deg) let;lé-l ;VI Gr?n'rr:qilze
to Nb (W) g

3 A(101) 25.33 0.567 ~13.9
R(110) 27.59 0.736 ~10.6
4 A(101) 25.32 0.624 ~12.6
R(110) 27.48 0.670 ~11.7
5 A(101) 25.35 0.680 ~11.5
R(110) 27.47 0.890 ~11.0

A(lOl)' '

R(110)

3w

4 W

5w

20 (deg)

Figure 6.11 XRD patterns for co-sputtered Nb-TiO, films prepared at
RT in 10%0, at various applied powers to Nb target

6.3 Film deposition in Ar-H, plasma
6.3.1 Sputtering of Nb-TiO, films from a mosaic target

The Nb-TiO, thin films presented in this section were sputtered from a mosaic target, described in the

experimental section. Hydrogen concentration introduced in Ar plasma was varied from 3 to 20%. The
cathode self-bias voltages were fixed at -550 V and -750 V.
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6.3.1.1 Film growth rate

The growth rates for Nb-TiO, films deposited at -550 V on TiO, cathode, at various concentrations of
hydrogen added in Ar plasma were determined and are plotted in Figure 6.12. The addition of small amount
of H, in Ar plasma leads to a slight increase in the growth rate, from 0.51+0.02 nm/min when no H, was
introduced in Ar plasma to 0.61+£0.03 nm/min when 3%H, was added in discharge. At high hydrogen

concentration in discharge (20%H,) the growth rate drops to low values (0.27+£0.04 nm/min).

0.7
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0.5
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0.1+
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0 3 6 9 12 15 18
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Figure 6.12 Growth rate for Nb-TiO, films prepared at RT in Ar-H,
atmosphere, at -550 V

6.3.1.2 Film chemical composition

The chemical composition of Nb-TiO, films deposited as -550 V on TiO, cathode, in various
concentrations of H, added in Ar plasma was studied with XPS. The C 1s, O 1s, Ti 2p and Nb 3d core levels
were acquired for each sample.

Similar to the case of intrinsic doping of TiO, when hydrogen was used as reactive gas in discharge, in Ti
2p core-level spectra, Ti** states were detected in all Nb-TiO, films prepared in Ar-H, atmosphere. Only
Nb°* states were detected in Nb 3d core-level spectra. In Table 6.9 the BEs of O, Ti** 2psp, Ti** 2ps;, and
Nb>* 3ds, are given.

The chemical formulas were determined and are given in Table 6.9. x in Ti;«NbyO, is decreasing when
hydrogen is added in Ar plasma, indicating an increase in the number of oxygen vacancies. The decrease is
more pronounced when 3%H, is added in the gas mixture attributed to a higher number of formed oxygen
vacancies. Increasing the H, concentration in the gas mixture, less oxygen vacancies were observed, most
probably filled by Ti-OH from H,O dissociation or Ti-H bonds coming from the interaction of the film with
the Ar-H, plasma..
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Table 6.9 O, Ti** 2pgp, Ti® 2ps,» and Nb** 3ds, BEs, Nb concentration and chemical formulas for Nb-TiO,
films prepared in Ar-H; (-550 V on TiO, target)

A+ -3+ AE 1
se0) P B ot sevw) s S
pure-Ar 530.47 458.92 - 71.55 207.48 9.47 Ti10.30,Nbg 28
[%oH,]
3% 530.56 459.04 457.93 71.52 207.57 3.87 Ti1.019002Nbg 11
10% 530.63 459.11 457.52 71.52 207.66 9.38 Ti1.0.2302Nbg 29
20% 530.44 458.94 457.85 71.50 207.45 10.82 Ti1-0.240,Nbg 33

The Nb concentration in Nb-TiO, films prepared in Ar-H, atmosphere is plotted in Figure 6.13. When a
small amount of hydrogen is added in discharge, the Nb concentration is decreasing from 9.47 when the
films were deposited in Ar plasma to 3.87 when 3%H, was added in discharge. Increasing the hydrogen
amount in discharge, the Nb concentration in the films was found to be similar to the value found in the film
deposited in Ar plasma. A further increase of H, concentration in discharge leads to an increase in the Nb
concentration. The increase in Nb concentration with the hydrogen quantity added in the gas mixture can be

explained by the formation of ArH" ion, easily formed in Ar-H, plasmas [1]. The ArH" ion is able to increase
the metal sputtering.

114
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Figure 6.13 Nb concentration variation as a function of H, added in Ar plasma for Nb-TiO,
films prepared at RT (-550 V on TiO, cathode)

The VB of Nb-TiO, film prepared at 20%H, added in discharge, at -550 V is shown in Figure 6.14. The
VB was best fitted with five components. As in the case of intrinsically-doped TiO, films prepared in Ar-H,
atmosphere, in the e, states region two components were necessary, denoted in Figure 6.14 as Illa and IlIb.

Also the Ti 3d peak corresponding to oxygen vacancies was detected, denoted in the figure as peak V. The
BEs and FWHMs of all components are given in Table 6.10.
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Figure 6.14 VB for Nb-doped TiO, film prepared in Ar-H, atmosphere
(20%H,), at RT and -550 V on TiO, cathode

Table 6.10 VB fit results for Nb-TiO, film prepared at RT in Ar-H, atmosphere (-550 V on TiO, cathode)

[%H,] Peak | | Peak Il | Peakllla | PeakIllb | PeakV
20% BE (eV) 3.80 491 6.21 7.42 0.59
0 FWHM (eV) 1.32 2.05 1.77 1.50 0.37

6.3.1.3 Film structure and morphology

The films structure was investigated with XRD. All the as-grown Nb-TiO, films prepared in Ar-H,
atmosphere were amorphous.
The top-view and cross-section images for one sample prepared with 20%H, introduced in discharge, at -

750 V is shown in Figure 6.15. The film has a dense morphology and a columnar structure.

Figure 6.15 Top-view and cross-section images for Nb-TiO, film
prepared in Ar-H, (20%H,)
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6.3.1.4 Influence of post-growth annealing on the film chemical composition

After post-growth annealing in vacuum of Nb-TiO, samples prepared in Ar-H, atmosphere at -750 V, the

chemical composition was investigated with XPS. The Nb concentration in this film was 10%.

In Figure 6.16 the O 1s, Ti 2p and Nb 3d core-levels XPS spectra for as-grown and post-growth annealed
Nb-TiO, films prepared with 20%H, added in Ar plasma are shown. Strong shifts in all spectra for the post-
growth annealed samples can be observed. In Table 6.11 the BEs of O, Ti** 2psp, Ti*" 2pap, and Nb**

3ds, for as-grown and annealed samples are given. Ti®* states were detected in both as-grown and annealed

samples. No Nb** states were detected in the Nb 3d core-level spectra.

The chemical composition for the as-grown and annealed in vacuum sample was obtained: Tiy.g2:Nbg 330,
for the as-grown sample and Tiy.3sNbg 420, for the annealed one. An increase of x value in Ti;xNb,O; is

observed after annealing in vacuum, correlated with a reducing in the number of oxygen vacancies, but the

presence of Ti*" states indicates the contrary.
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Figure 6.16 (a) O 1s, (b) Ti 2p and (c) Nb 3d XPS spectra for as-grown and post-growth
annealed Nb-TiO, films prepared in Ar-H, atmosphere, ar RT, -750 V on TiO, cathode

Table 6.11 O,, Ti*" 2P32, Ti** 2p3y2, and Nb®* 3ds), BEs for as-grown and post-growth annealed Nb-TiO,

prepared in Ar-H,, at RT (-750 V on TiO, cathode)

BE(O)) BE(Ti""2psy) BE(Ti*2psz) | AE(Or-Ti2psy) BE(Nb>*3ds,)
(eV) (eV) (eV) (eV) (eV)
as-gr  ann | as-gr  ann | as-gr  ann | as-gr  ann | as-gr ann
20%H, | 530.27 531.03 | 458.76 459.85 | 457.39 457.87 | 71.51 71.18 | 207.30 207.97
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6.3.1.5 Influence of post-growth annealing on the film structure and morphology

The structure of post-growth annealed Nb-TiO, films prepared with 20%H, in discharge at -750 V was
investigated with XRD. After annealing, the amorphous structure transforms predominantly in anatase phase,
as can be seen in the XRD pattern in Figure 6.17, similar to the annealed in vacuum Nb-TiO, film prepared
in the same conditions in Ar-O, atmosphere, while for the one prepared in Ar plasma both anatase and rutile
phases were detected. The grains size was found to be ~14.4 nm, smaller than in the case of annealed in

vacuum Nb-TiO, films prepared in Ar and Ar-O, atmosphere, where the grains size was ~20 nm.

50

Ar-H, (20%H,)

40
30
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Figure 6.17 XRD pattern for post-growth annealed Nb-TiO,
film prepared in Ar-H,, with 20%H,

In the SEM images shown in Figure 6.18 can be observed that the dense morphology is preserved after
post-growth annealing. The structure of annealed Nb-TiO, film is very compact.

Figure 6.18 Top-view and cross-section images for post-growth annealed in vacuum
Nb-TiO, film prepared in Ar-H, (20%H,) at RT (-750 V on TiO, cathode)
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6.3.1.6 Influence of substrate temperature on the film chemical and structural properties

Nb-TiO, film deposited with 3%H, added in Ar plasma, at a substrate temperature of 350°C, at -750 V
cathode self-bias voltage, was characterized from the structural and chemical point of view.

In Figure 6.19 the O 1s, Ti 2p and Nb 3d core-levels XPS spectra are shown. Ti** states were detected in
the Ti 2p core level XPS spectrum for this sample. In the Nb 3d core-level XPS spectrum beside Nb>* and
Nb** states, another peak was detected identified as Nb?* states in NbO compound. In Table 6.12 the O, Ti**
2ps, Ti%" 2pap, NB** 3ds,, Nb* 3ds, and Nb** 3ds, BEs are listed. The Nb concentration in this film was
10.39%. The atomic ratios Nb**/Nb>*, Nb*/Nb*>*, Ti**/Ti* were determined and are given in Table 6.13.
According to the chemical composition of this film no oxygen vacancies were formed during the deposition.

The structure of this sample investigated with XRD was amorphous.

" c) Nb 3d 5
@O01s B Ti2p El'iSSO c A
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456 458 460 162 464 466 468 203 204 205 206 207 208 209 210 211 212 213
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Figure 6.19 (a) O 1s, (b) Ti 2p and (c) Nb 3d core-levels XPS spectra for Nb-TiO,
sample prepared with 3%H, introduced in Ar plasma at -750 V cathode self-bias
voltage and 350°C substrate temperature

Table 6.12 O,, Ti*" 2psp, Ti** 2psp, Nb** 3ds),, Nb** 3ds, and Nb?* 3ds, BEs for Nb-TiO, prepared in Ar-H,
(3%H,) at 350°C substrate temperature

4+ =3+ AE + + +
BE(O,) BE(Ti* 2ps,) BE(Ti*2psp) (O-Ti2pa) BE(Nb>* 3ds;)  BE(Nb* 3ds,)  BE(Nb?* 3dsy)
(eV) (eV) (eV) (&V) (eV) (eV) (eV)
530.51 459.05 457.63 71.46 207.54 205.80 204.56

Table 6.13 Nb concentration, Nb*/Nb*>*, Nb*/Nb>*, Ti**/Ti*" atomic ratios and the chemical formula for Nb-
TiO, prepared in Ar-H, at 350°C substrate temperature

%Nb  Nb*/Nb>*  Nb2*/Nb>* T Ti* Chemical composition
10.39 0.025 0.024 0.09 Tizs00:NDg 3302
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6.3.2 Deposition of Nb-TiO, films by co-sputtering from two separate targets

The Nb-TiO, films described in this section were obtained by co-sputtering from two separate targets of
TiO, and Nb. Hydrogen concentration added in Ar plasma was set at 10% and the applied power to Nb target
was varied. The cathode self-bias voltage was fixed at -850 V.
6.3.2.1 Film growth rate

The growth rates were determined for Nb-TiO, films deposited in Ar-H, atmosphere (10%H,) at -850 V

and are plotted in Figure 6.20 as a function of applied powers to Nb targets. A slight increase is observed
with increasing the power to Nb target due to the contribution of Nb cathode to the discharge power.

12

10%H, I
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Figure 6.20 Growth rate for Nb-TiO, films deposited at
10%H, as a function of applied power to Nb target

6.3.2.2 Film chemical composition and structure

The chemical composition of the obtained films was investigated with XPS. In all the Ti 2p core-levels
XPS spectra, Ti®* and Nb®" states were detected. The BEs of Oy, Ti* 2ps2, Ti** 2ps», Nb** 3ds, from XPS
measurements are listed in Table 6.14.

The Nb concentration is plotted in Figure 6.21 as a function of the applied powers to Nb target. An
increase is observed when the power applied to Nb target is increased. The Nb concentrations for each power
applied to Nb target is given in Table 6.14. An experimental fit of the plot could be performed. Interpolated

Nb concentration value could be derived for the film grown at 3 W.
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According to the chemical composition for these films, given in Table 6.14, in Ti;«Nb,O, is increasing

with the applied power to Nb target indicating a decrease in the number of oxygen vacancies with increasing
the power to Nb target.

Table 6.14 O,, Ti*" 2p32, Ti** 2ps», Nb** 3ds, and Nb** 3ds,, BEs for Nb-TiO, films prepared in 10%H, and
various applied powers to Nb target

Applied a4 .34 5¢ Chemical
power  BEO)  BECL ) BECL ) ap vy BEORU %D oonp  formula
to Nb (W)
3 530.31 458.90 457.30 71.41 207.39 0.07 Ti1+0.30ND0.002302
4 530.34 458.90 457.39 71.44 209.02 0.38 Ti1+0.00ND00102
5 529.94 458.65 457.19 71.29 209.20 2.03 Ti1013Nbo.0sO
2.04
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Figure 6.21 Nb concentration in Nb-TiO, films prepared in
10%H, at various powers applied to Nb target (-850 V on TiO,

The structural properties of the films were investigated with XRD. The XRD patterns reveal an amorphous
structure.

6.3.2.3 Influence of post-growth annealing on the film chemical composition

After post-growth annealing in vacuum at 900°C of Nb-TiO, samples prepared with 10%H, added in Ar
plasma, at various powers applied to Nb target (co-sputtering configuration from separate targets), the
chemical composition was investigated with XPS. The samples prepared at 2 W and 5 W were analyzed. In
the as-grown films Ti**, Ti** and Nb®" states were detected. After annealing Nb** states were detected for the
annealed film prepared at 5 W, while for the sample prepared at 2 W the Nb 3d signal was too small to
identify the oxidation states of Nb. The BEs of the peaks are given in Table 6.15.
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The chemical compositions for the annealed samples were determined and are given in Table 6.16.
According to the formulas, a decrease in the number of oxygen vacancies after annealing in vacuum is

observed, represented by the increase of x in Ti;.xNb,O,.

Table 6.15 O, Ti* 2pap, Ti** 2ps,Nb™ 3ds, and Nb** 3ds, BEs for annealed in vacuum Nb-TiO, films
prepared in 10%H, added in Ar plasma at 2 and 5 W powers to Nb target

Applied AE
power BE(O)) BE(Ti* 2psp) BE(Ti** 2psp) ] BE(Nb®* 3ds;,)  BE(Nb* 3ds,)
to Nb V) V) V) (Or-Ti2py) V) (V)
W) (eV)
as-gr ann as-gr ann as-gr ann as-gr ann as-gr ann as-gr ann
2 - 530.83 - 459.54 - - - 71.29 - -
5 529.94 530.70 458.65 45940  457.19 - 7129 7130 209.20 208.13 - 207.14

Table 6.16 Nb**/Nb*>" atomic ratio and the chemical composition for annealed in vacuum Nb-TiO, films
prepared in 10%H, added in Ar plasma at 2 and 5 W powers to Nb target

Applied
power Nb*/Nb®* Chemical composition
to Nb (W)
as-gr __ ann as-gr ann
2 - - - Til+0.09NbO.0003102
5 - 015 Til+0.13NbO.OGOZ Til+O.O7NbO.O3OZ

6.3.2.4 Influence of post-growth annealing on the film structural properties

The structure of the post-growth annealed in vacuum Nb-TiO, films co- sputtered from TiO, and Nb
targets in 10%H, added in the gas mixture was investigated with XRD. For all the films deposited in Ar-H,
at various powers applied to Nb target a very broad peak was detected.

Examples of the obtained XRD spectra for pure-TiO, and Nb-TiO, film prepared at 2 W and 4 W together
with the fit results are shown in Figure 6.22. Beside anatase and rutile peaks, the other peaks were identified
to correspond to Tiy;O, @ compound from the Magnéli series [2,3]. At 5 W power to Nb target, only the

rutile phase was detected.

—— Pattern Nb-TiO, film in 10%H, —— Pattern
4 W to Nb target 27,6779

p— Nb-TiO, film in 10%H,
—— Pattern ‘
TiO, film in 10%H, FT 2 W to Nb target —FIT

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

e e T T =t . - AR W
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Figure 6.22 XRD spectra for annealed in vacuum TiO, and Nb-TiO, film
prepared in 10%H; added in Ar plasma (-850 V to TiO, cathode)
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6.4 Concluding remarks

Nb-TiO, films were deposited in Ar-O, and Ar-H, plasmas, using two different target arrangements: a
mosaic target, in which Nb wires were placed on the TiO, target, and co-sputtering from separately TiO, and
NDb targets for a better control over the Nb concentration.

The Nb concentrations in Nb-TiO, films sputtered from a TiO,-Nb mosaic target in Ar-O, plasma (RT) are
decreasing with increasing the O, concentration in the gas mixture (5-9%). Oxygen vacancies are formed in
Nb-TiO, films during the deposition in Ar-O, atmosphere. The as-grown Nb-TiO, films were having an
amorphous structure and a dense morphology with agglomerated grains. The post-growth annealing in
vacuum at 900°C of the films improved the crystalline structure of the film prepared in Ar-O,. The anatase
phase was detected with XRD. The columnar structure from the as-grown film is preserved after annealing in
vacuum.

When Nb-TiO, films were co-sputtered from two separate TiO, and Nb targets in Ar-O, plasma with
10%0, added in the gas mixture (RT), low Nb concentrations were measured in the films ( < 0.64%). A
reduction in the number of oxygen vacancies is observed with increasing the applied power to Nb. XRD
spectra reveals an amorphous structure for the as-grown films. After the post-growth annealing in vacuum at
900°C of the films, both anatase and rutile phases were observed. An increase in the number of oxygen
vacancies is observed for the annealed in vacuum films.

High values of Nb concentration were obtained for Nb-TiO, films sputtered from a TiO,-Nb mosaic target
in Ar-H, plasma deposited at RT (4-11%). For these samples an increase in the Nb concentration with
increasing the H, concentration in the gas mixture was observed, explained by the formation of ArH" ion,
able to increase the metal sputtering. It was observed that oxygen vacancies are formed in Nb-TiO, films
during the deposition in Ar-H, atmosphere, a higher number for small concentrations of H, in the gas
mixture. Increasing the H, concentration in the gas mixture, less oxygen vacancies are observed, most
probably filled by Ti-OH or Ti-H bonds. The as-grown Nb-TiO, films are having an amorphous structure
and a dense morphology with agglomerated grains. The post-growth annealing in vacuum at 900°C of the
films changed the amorphous structure in predominantly anatase phase. The columnar structure from the as-
grown film is preserved after annealing in vacuum.

For Nb-TiO, films co-sputtered from two separate TiO, and Nb targets in Ar-H, plasma with 10%H, added
in the gas mixture (RT), the Nb concentrations were < 2%. The structure of the as-grown films was
amorphous, as detected with XRD. A decrease in the number of oxygen vacancies with increasing the power
to Nb target was observed. The post-growth annealing in vacuum at 900°C of the films changed the

amorphous structure in a mixture of anatase, rutile and possible Ti;,019 phases.
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7. Electrical, optical and electronic
properties of doped-TiO: films

High optical transparency and electrical conductivity are fundamental criteria for having a good quality

transparent conductive oxide material. All electronic scattering contributions present in the material
influence the mobility, and determine the upper limit of conductivity. Therefore, understanding the
electronic properties variations with these intrinsic or extrinsic impurities can help to improve the

transparency and the electrical conductivity in the TCO materials.
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7.1 Introduction

In this chapter the electrical, optical and electronic properties of intrinsically, extrinsically and
intrinsically-extrinsically co-doped TiO, films were investigated. The conductivity, carrier density and
mobility values of the films were obtained from van der Pauw and Hall effect measurements. The optical
properties were investigated with a double beam spectrophotometer. The work function with respect to the
vacuum level was determined using X-ray photoelectron Spectroscopy. The obtained valence band edge,
Fermi level position, work function, ionization potential and electron affinity with respect to vacuum level

allowed the representation of a schematic band scheme for the investigated films.

7.2 Intrinsically-doped TiO, films

7.2.1 Electrical properties of as-grown films

The conductivity of the as-grown TiO, films prepared in pure-Ar, Ar-O, and Ar-H, atmospheres, at -550 V,
-750 V and -850 V cathode self-bias voltages were measured. For all the films, the conductivity values are in

the order 102-10° @ ‘cm™.

7.2.2 Influence of post-growth annealing on film electrical properties

In order to obtained high values of conductivity, a necessary criterion for a transparent conductive material,
the as-grown TiO, films, prepared in pure-Ar, 20%0, and 20%H, added in Ar plasma, at -750 V were post-
growth annealed at a temperature of 900°C, for 1h, in vacuum.

In Figure 7.1 the conductivity values of as-grown and post-growth annealed films prepared in various

I as-grown
I annealed
1074
H/‘\
I
©
S
-3
B I
10"
Ar 20%0, 20%H,

Figure 7.1 Conductivity values for post-growth annealed TiO, films
deposited in Ar, Ar-O, (20%0,) and 20%H, (20%H,)
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films prepared in various Ar-O, gas mixtures are shown. For comparison, the conductivity (4.24x10°

'em™), carrier concentration (1.03x10* c¢m™) and mobility (25.7 cm®V's™) values for an ITO sample

atmospheres are plotted. As can be seen, in Ar and Ar-O, atmospheres, no changes in the conductivity values

are observed. When hydrogen is added in Ar atmosphere, an increase from 6.02x10° ©2'cm™ to 1.9 x10™

2 'em™ is observed in the conductivity value.

The TiO, films prepared at -850 V were post-growth annealed at the same temperature and in the same
conditions, like the samples prepared at -750 V. For these samples, beside the conductivity values, the carrier
concentration and mobility values were measureable. The measured values for TiO, films prepared in Ar-O,

and Ar-H, atmospheres with different concentrations of O, and H, are given in Table 7.1.

Table 7.1 Conductivity, carrier concentration and mobility values for post-growth annealed TiO, films

prepared in various Ar-O, and Ar-H, atmospheres

Conductivity  Carrier density n, Mobility
(277em™) (cm™®) (cm?v's?)
pure-Ar 10° - -
f(Oy)

3% 3.52x10° 2.95x10"° 74
10% 2.99x10° 4.59x10® 406
20% 2.92x10? 3.56x10'® 512
33% 1.13x10? 7.22x10'® 97
f(H,)

3% 2.17x10* 2.35x10™ 53
10% 3.37x10" 1.89x10® 111
20% 3.47x10" 2.96x10"® 73
33% 1.20x10? 1.44x10% 519

In Figure 7.2 (a) the conductivity, carrier concentration and mobility values for post-growth annealed TiO,

deposited on glass substrate were measured and are shown in the same plot.
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Figure 7.2 (a) Conductivity, carrier concentration and mobility values and (b) mobility and grain
sizes for post-growth annealed TiO, films prepared in Ar-O, atmosphere, at -850 V
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The addition of oxygen in Ar plasma leads to an increase in the conductivity value, from 10° @2 cm™ to
3.52x10? £2”'cm™ when 3%0, is added in discharge, with a corresponding carrier density (n,) of 2.95 x10*
cm® and 74 cm?V's™ mobility. For a further increase in the oxygen content in discharge the conductivity
values remains in the same order. The carrier density is decreasing when the O, concentration is increased.
High mobility values were measured for these films. An increase in the mobility with increasing the O,
guantity in Ar plasma is observed, reaching a maximum at 20%0O, added in discharge and after decreasing.
No correlation was found between the mobility values and the dimension of the grains measured for these
films, as shown in Figure 7.2 (b). An increase in the grains dimension should lead to an increase also in the
mobility values, as the grain boundaries number decrease but in this case the opposite is observed. A possible
explanation for the increase in mobility values can be attributed to the number of intrinsic defects in the films
[1]. By minimizing the intrinsic defects in the material, a high mobility can be achieved.

Similar to O, addition in Ar plasma, the addition of hydrogen in Ar plasma leads to an increase in the
conductivity value, from 10° @7cm™ to 2.17x10* 2 'cm™ when 3%H, is added in discharge, with a
corresponding carrier density (ne) of 2.53x10* cm™ and mobility of 53 cm?V™'s™, as shown in Figure 7.3 (a).
The measured conductivity, carrier density and mobility values for the films prepared in various Ar-H,
atmospheres are listed in Table 7.1. A further increase in the hydrogen content in discharge leads to an
increase in the conductivity values. When 33%H, is added in discharge, the measured conductivity value was
found to be 1.20x10> 2”’cm™, with a corresponding carrier density (n.) of 1.44x10™ cm™. The n, values are
not considerably changing with the hydrogen content in Ar plasma. High values for mobility were obtained
also in these samples, but a different evolution with the H, content, comparing with the mobility evolution
for the films prepared in Ar-O, atmosphere. For H, concentrations in the range 3-20% the mobility values
were in the range 50-111 cm?V's™. For 33%H, in discharge, an increase for the mobility value is observed
(519 cm?V''s™). Like in the case of TiO, films prepared in Ar-O, atmosphere, also in these films no

correlation was found between the grains dimension and the mobility (Figure 7.3 (b)) and a possible
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Figure 7.3 (a) Conductivity, carrier concentration and mobility values and (b) mobility and grain
sizes for post-growth annealed TiO, films prepared in Ar-H, atmosphere, at -850 V
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explanation for the high mobility can be a small number of intrinsic defects in the films. It was suggested
that hydrogen passivates the structural defects in TCO materials [1].

7.2.3 Influence of substrate temperature on film electrical properties

The electrical properties for TiO, film prepared in Ar plasma, at a substrate temperature of 350°C and a
cathode self-bias voltage of -750 V were measured. High value of conductivity was found for this film

(2.7x10% <2 "em™). The measured carrier density value was 1.31x10" cm®,
7.2.4 Optical properties of as-grown films

The optical properties for as-grown TiO, films on glass substrate prepared in pure-Ar, Ar-O, and Ar-H,
atmospheres, at a cathode self-bias voltage of -750 V were investigated. In Figure 7.4 the transmittance and
the absorption coefficient spectra for as-grown TiO, films deposited in various atmospheres are shown. In
the visible region (400-800 nm), the average transmittance is 75% for TiO, film prepared in pure-Ar, 80%
when 20%0; is added in Ar plasma and 65% when 20%H, is added in discharge.
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Figure 7.4 Transmittance (a) and absorption coefficient (b) for as-grown TiO,
films in Ar, Ar-O, and Ar-H, atmospheres, at -750 V
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The estimated direct optical band gap values are determined from the Tauc plot, and values are 3.29 eV for

the sample prepared in pure-Ar, 3.36 eV when 20%0, is added in discharge and 3.46 eV for 20%H, in Ar-H,
atmosphere.

7.2.5 Influence of post-growth annealing on film optical properties

Post-growth annealing at 900°C in vacuum was performed for TiO, films deposited on quartz substrate, at
various oxygen and hydrogen concentrations added in Ar plasma, at -850 V. The measured transmittance
spectra in the visible region are shown in Figure 7.5. When oxygen is added in Ar plasma, the annealed TiO,
films are having a much higher transparency (~60%) then the film prepared in Ar plasma (~35%). Less

transparent TiO, films are obtained when hydrogen is added in discharge (~45%).
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Figure 7.5 Transmittance spectra for post-growth annealed TiO, films
prepared in various (a) Ar-O, and (b) Ar-H, atmospheres, at -850 V

The absorption coefficient in the visible region is plotted in Figure 7.6. The average value in the visible
region was determined for each sample and the values for as-grown and post-growth annealed TiO, films are
listed in Table 7.2. All the obtained values are in the order of 10* cm™. An increase in o values is observed
after annealing for both type of TiO, films prepared in Ar-O, and Ar-H, atmospheres, attributed to the
formation of oxygen vacancies after annealing. The increase is higher in the case of the samples prepared in
Ar-O, atmosphere, explained by the higher number of vacancies formed in Ar-O, atmosphere.

The optical direct band gap values were determined and the values for as-grown and post-growth annealed
films are listed in Table7.2. A decrease in band gap is observed for the sample prepared in pure-Ar. The

addition of O, in Ar plasma leads to an increase in band gap, while H is decreasing the optical band gap.
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Figure 7.6 Absorption coefficient spectra in the visible region for post-growth annealed TiO, films
prepared in various (a) Ar-O, and (b) Ar-H, atmospheres, at -850 V

Table 7.2 Absorption coefficient in the visible region (300-800 nm) and the optical band gap values for as-
grown and post-growth annealed TiO, films prepared in various Ar-O, and Ar-H, atmospheres

o =
(cm™) (eV)
as-gr ann as-gr ann
pure-Ar  555x10° 3.57x10*  3.35 3.20

f(Oy)

3% 3.04x10* 8.54x10°  3.08 3.36
10% 1.70x10* 6.28x10*  3.28 3.27
20% 3.09x10* 5.75x10*  3.22 3.32
33% 4.25x10* 8.50x10*  3.17 3.26
f(Hy)

3% 2.60x10* 3.12x10°  3.50 3.13
10% 2.60x10* 2.84x10*  3.54 3.27
20% 2.20x10* 2.98x10*  3.33 3.13
33% 2.40x10* 2.68x10*  3.40 321

7.2.6 Influence of substrate temperature on film optical properties

In Figure 7.7 the transmittance and the absorption coefficient spectra in the visible region for TiO, films
prepared at different substrate temperatures: one sample prepared without intentional heating (RT) and the
other one prepared at 350°C substrate temperature are shown. Both samples were deposited in Ar
atmosphere, at a cathode self-bias voltage of -750 V. The transmittance of the sample prepared at 350°C

substrate temperature is slightly decreasing. The optical band gap values were determined: 3.40 eV for the
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sample prepared without intentional heating and 3.33 eV for the sample prepared at 350°C substrate
temperature. An increase in the absorption coefficient value was observed for the sample prepared at a

substrate temperature T=350°C, explained by the formation of oxygen vacancies as seen from the XPS
analysis.
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Figure 7.7(a) Transmittance and (b) o for TiO, films prepared at different substrate temperatures during
deposition, in Ar atmosphere, at -750 V: without intentional heating and at T=350°C

7.2.7 Figure of merit of intrinsically-doped TiO, films

As described in Chapter 2, the figure of merit (FOM) is an important parameter for comparing the
properties of different TCOs films. Because the obtained films were having different thicknesses, the figure

of merit was calculated using the relation developed by lles and Soclof [2] defined as:

F=-—
g

In Figure 7.8 the figure of merit values for post-growth annealed TiO, films prepared in various Ar-O, and
Ar-H, atmospheres, at -850 V are plotted together with the corresponding figure of merit value for ITO. The
FOM values for TiO, films prepared in Ar-O, atmosphere are closer to the one corresponding to ITO film,
while H, addition does not improve the quality of the films as TCO material, except the sample where
33%H, was added in Ar plasma.
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Figure 7.8 Figure of merit values for intrinsically-doped TiO, films,
prepared in Ar-O, and Ar-H, atmospheres, at -850 V

7.2.8 Electronic properties of as-grown films

The joint use of XPS and optical measurements allowed defining the electronic properties of the films:
valence band edge, Fermi level position, work function, ionization potential and electron affinity with respect
to vacuum level. From XPS measurements the work function (WF) and the valence band maximum (VBM)
with respect to vacuum level were determined. The determined VBM value was corrected removing the band
bending effect, due to the surface charging during XPS analysis. Details about the determination of such
value are given in Chapter 3. The resulting value is denoted as VBM(g=0) in Table 7.3. The direct band gap
E, was determined from the optical measurements performed on the samples. The ionization potential 1, and
the electron affinity y with respect to vacuum level were calculated using 1,=WF+VBM(q=0) and = 1,-E,.
A band scheme of TiO, films prepared in different atmospheres was drawn. It should be stressed that the
work function is not a materials constant, but rather can be modified (1) trough carrier—doping, which raises
the Fermi level, thereby lowering the work function (for a fixed ionization potential) and (2) by the presence
of the surface dipole, which can increase the ionization potential and therefore the work function (for a fixed
Fermi level), or a combination of these two phenomena.

In Figure 7.9 (a) the band scheme for as-grown TiO, films prepared in various atmospheres at -750 V is
shown. The values of work function, electron affinity, optical band gap and ionization potential are given in
the figure. The sample prepared in Ar has a work function of 4.13 eV. When 20%0, is added in Ar plasma,
an increase in the work function value is observed, until 4.65 eV, while when 20%H, is added in Ar plasma,

the work function value is decreasing (3.48 eV).
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Figure 7.9 (a) Band scheme for as-grown TiO, films prepared in Ar-O, and Ar-H, atmosphere, at -750 V
showing the VB maximum energy, the work function, the electron affinity and the direct band gap and (b)
the OH36/VB area ratio and work function as obtained by XPS (the lines serve only to guide the eye).

In order to investigate the change of WF with the surface chemistry modification, the OH3s/VB area ratio
from the XPS measurements in the VB region was plotted together with the WF values in Figure 7.9 (b). A
good correlation between the two parameters is observed, the higher the OH groups number, the higher the
WF.

For a better understanding of the effect of oxygen and hydrogen plasmas on the work function, similar
measurements were done for as-grown TiO, films prepared at -850 V, in different oxygen and hydrogen
concentrations introduced in Ar plasma. The obtained values for work function, valence band edge, optical
band gap, ionization potential and electron affinity are listed in Table 7.3. Also for these samples, the band
schemes were drawn and are shown in Figure 7.10. Similar effects when oxygen or hydrogen was added in
Ar plasma were observed. An increase in the work function was observed with increasing the O,

concentration reaching values of 6.19+0.19 eV and a decrease with increasing the H, concentration.

Table 7.3Work function, valence band edge, optical band gap, ionization potential and electron affinity
values for as-grown TiO; films in Ar-O, and Ar-H, atmospheres, at -850 V

WF (eV) VB'EQ\%“O) E V) 1Y) g (eV)
TiO,bulk  5.97 - 3.30 - -
pure-Ar  4.57+0.10 2.12 3.35 6690  3.34
f(O2)

3%  451£0.12 1.60 3.08 611 3.3
10%  5.06+0.12 1.97 3.28 703 375
20%  5.810.15 1.83 3.22 764 442
33%  6.19+0.19 1.56 3.17 775 458
f(H,)

3%  3.36:0.10 2.85 3.50 621 271
10%  3.96+0.04 3.33 3.54 729 375
20%  4.02+0.05 2.49 3.33 651 3.8
33%  4.00£0.05 2.48 3.40 6.48  3.08
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Figure 7.10 Band schemes for as-grown TiO, films prepared in (a) Ar-O, and (b) Ar-H, atmospheres, at -850
V; the direct Eq values are given in the Figure;

In Figure 7.11 the OH3c/VB area ratios were plotted together with the WF values for as-grown TiO, films

prepared in Ar-O, and Ar-H, gas mixtures (-850 V to TiO, cathode). For the films prepared in Ar-O,

atmosphere a good correlation was observed between the two parameters, both are increasing with increasing

the oxygen concentration in Ar plasma. For the samples prepared in Ar-H, plasma also a good correlation of

these two parameters was observed, but until 20%H, in Ar plasma. It is more likely a hydrogen terminated

surface which gives (i) low WF and (ii) the lack of correlation for high H, contents in Ar plasma. A possible

explanation can be due to a competitive effect of OH groups and H on the surface.
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7.2.9 Influence of post-growth annealing on film electronic properties

The electronic properties were determined also for post-growth annealed TiO, samples, prepared at self-
bias cathode voltage of -750 V, in various atmospheres. The annealing temperature was set at 900°C, for one
hour, in vacuum.

In Figure 7.12 (a) the band schemes obtained for post-growth annealed TiO, films prepared in various
atmospheres are shown. No significant changes after annealing in the work function values were observed
for the samples prepared in Ar and Ar-O, atmosphere, for 20%0,. When hydrogen was used as reactive gas
in Ar plasma, the work function value decreased after annealing, from 3.48 eV for as-grown film to 2.55 eV
for the annealed one.

The work function variation was found to be in good correlation with the conductivity values measured for

post-growth annealed TiO, films prepared in various atmospheres, as shown in Figure 7.12 (b).
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Figure 7.12 (a) Band scheme and (b) WF and conductivity values for post-growth annealed TiO,
films prepared in Ar-O, and Ar-H, atmosphere, at -750 V (the lines serve only to guide the eye)

7.3 Extrinsically-doped TiO, films

7.3.1 Electrical properties of as-grown films

The conductivity of the as-grown Nb-TiO, films prepared in pure-Ar plasma, at -550 V, -750 V and -850 V
cathode self-bias voltages were measured. For all the films, the conductivity values are in the order of 10°-

10 2 'em™, similar to the values obtained for as-grown TiO, films.
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7.3.2 Influence of post-growth annealing on film electrical properties

Post-growth annealing in vacuum was performed for Nb-TiO, film prepared in Ar plasma, at -750 V. The
annealing temperature was set at 900°C, for one hour, in vacuum. The conductivity value measured for the
annealed Nb-TiO, film containing ~5% Nb in the film was 1.78x10* 2" 'cm™".

For obtaining lower concentrations of Nb in the films, a better control over the sputtering process is
necessary. Nb concentrations less than 2.3% were measured in the Nb-TiO, films prepared by co-sputtering
from two different targets of TiO, and Nb. The films were post-growth annealed in vacuum at the same
temperature and in the same conditions like the ones prepared from the mosaic target at -750 V. In Table 7.4
the measured conductivity, carrier density and mobility values are listed and plotted in Figure 7.13 (a). The
highest conductivity value was obtained when 4 W was used as applied power to Nb target (corresponding to
0.95% Nb in the film) with 1.05x10% cm™ carrier density and a mobility value of 3.54 cm?V's™.,
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Figure 7.13 (a) Conductivity, carrier concentration and mobility values and (b) mobility and grain size

values for post-growth annealed Nb-TiO, films prepared at various powers applied to Nb target, in Ar
atmosphere, at -850 V

The carrier density and the mobility values are in good correlation (Figure 7.13 (a)), an increase in n leads
to a decrease in y and the vice-versa. The increase or decrease in mobility values is also correlated with the
grains dimension, as shown in Figure 7.13 (b). For low powers (1 W - 3 W) applied to Nb target the anatase
phase was identified in the XRD analysis. When 4 W the anatase-to-rutile transformation was observed, and
low grain size was obtained for rutile, affecting the mobility.
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Table 7.4 Conductivity, carrier concentration and mobility values for post-growth annealed Nb-TiO, films

prepared in Ar plasma, at various applied powers to Nb target

[Nb] Power to Nb target Conductivity Carrier density n,  Mobility
(%) (W) (27em™) (cm?®) (cm?V's™h)
0.04 1 3.37x10° 1.90x107 1.11
0.11 2 1.05x10° 1.65x10"® 487
0.13 3 1.57x10° 3.95x10%® 248
0.95 4 5.95x10° 1.05x10% 3.54
2.31 5 1.05x10? 1.52x10%° 4.3

7.3.3 Influence of substrate temperature on film electrical properties

The substrate temperature was varied from 300 to 420°C during the deposition of Nb-TiO, films in Ar

plasma. All the films were deposited at 4W power applied to Nb target, corresponding to Nb concentrations

of ~0.95%. No post-growth annealing in vacuum was performed for these films. The conductivity values

measured for these films are plotted in Figure 7.14 as a function of the substrate temperature. An increase is
observed with increasing the substrate temperature.
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Figure 7.14 o values for as-grown Nb-TiO, films deposited

T
420

in Ar plasma at various substrate temperatures

7.3.4 Optical properties of as-grown films

The transmittance and the absorption coefficient spectra in the visible range for as-grown Nb-TiO, film

(thickness 450+£20 nm) prepared in Ar plasma, at -750 V are shown in Figure 7.15. The Nb concentration in

the film was found to be ~5%. For this film, the TiO,-Nb mosaic target was used. The average transmittance
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in the visible range is ~65% and the average absorption coefficient 7x10° cm™. The optical direct band gap
was estimated from the Tauc plot and is E; = 3.40 = 0.01 eV.
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Figure 7.15 Transmittance (a) and absorption coefficient (b) for as-grown Nb-TiO;
film prepared in Ar atmosphere, at -750 V

Films with lower concentrations of Nb were deposited, using the co-sputtering arrangement, where two
separate TiO, and Nb targets were sputtered in Ar plasma. The transmittance and the absorption coefficient
spectra, together with the Nb concentrations in the films determined with XPS are shown in Figure 7.16.
High transmittance values were obtained in the visible range for low concentrations of Nb. For the samples
prepared at a power in the range 1-4 W, the average transmittance in the visible range is ~75-80%. The
average absorption coefficient values in the visible domain are in the range 3.50x10° - 8.30x10% cm™.

The optical direct band gap values were determined for each sample prepared at different power values
applied to Nb target and the values are 3.26 eV, 3.38 eV, 3.30 eV, 3.30 eV and 3.22 eV respectively.

(a) \ (b)
100 4.0x10'
—~~ 4 _|
A F"E 3.5x10
80 - 5 )
~—  3.0x10°+
/ 3
o 5
X / € ¢
e { -
~ 604 5 2.5x10°
8 S
s £ 20x10'4
[«5]
= 40 3
T 4
§, o 15x10°
S x=l
= = ‘
= —— 1 W (337+13 nm) 2 1.0x10°
20 4 —— 2 W (386232 nm) 8
3 W (3174 nm) Fe .
—— 4 W (144+11 nm) < 50x10°4
——5W (52522 nm)
0 T T T T 00 T T T T
300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 7.16 (a) Transmittance and (b) absorption coefficient for Nb-TiO, films prepared in
Ar plasma, at different powers applied to Nb target
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7.3.5 Influence of post-growth annealing on film optical properties

The optical properties of post-growth annealed co-sputtered Nb-TiO, films prepared in Ar plasma, at
various powers applied to Nb target (-850 V) were investigated. In Figure 7.17 the transmittance and
absorption coefficient spectra in the visible range are shown. The average transmittance of the films in the
visible range was low (~30%), except the samples prepared at 3 W and 4 W applied to Nb target with the
average transmittance of 40% and 50% respectively. The absorption coefficient values for the samples
increase with one order of magnitude after post-growth annealing.

The optical direct band gap values after post-growth annealing of the samples prepared at different applied

powers to Nb target remains approximately constant: 3.15 eV, 3.11 eV, 3.11 eV, 3.14 eV and 3.28 eV
respectively.
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Figure 7.17 (a) Transmittance and (b) absorption coefficient for post-growth annealed Nb-
TiO, films prepared in Ar plasma, at different powers applied to Nb target

7.3.6 Influence of substrate temperature on film optical properties

Substrate temperatures ranging from 300°C to 420°C were used during the deposition of Nb-TiO, films in
pure-Ar plasma. The power applied to Nb target in the co-sputtering configuration was set at 4 W
(corresponding to 0.95% Nb concentration in the films) and the cathode self-bias voltage was set at -850 V.

The transmittance and optical absorption coefficient spectra in the visible range for the Nb-TiO, film
prepared without intentional heating and the films deposited at various substrate temperatures are shown in
Figure 7.18. As can be seen, the average transmittance is decreasing with increasing the substrate
temperature and the absorption coefficient values are increasing.
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Figure 7.18 (a) Transmittance and (b) absorption coefficient for Nb-TiO, films prepared in Ar
plasma, at various substrate temperatures, when the power applied to Nb target was set at 4 W

The optical direct band gap values are lower than the optical band gap for the sample prepared without
intentional heating. For 300°C, 350°C, 400°C and 420°C substrate temperatures the optical band gaps were
3.14 eV, 3.22 eV, 3.23 eV and 3.26 eV respectively, while for the sample prepared without intentional heating
the band gap value was 3.30 eV, with an amorphous structure as indicated in XRD pattern.

7.3.7 Figure of merit of extrinsically-doped TiO, films

In order to evaluate the quality of post-growth annealed Nb-TiO, films co-sputtered from two separate

targets in Ar plasma the figure of merit was determined using the ratio % . The obtained values are plotted in

Figure 7.19 as a function of various powers applied to Nb target. The figure of merit values for the obtained
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Figure 7.19 Figure of merit values for extrinsically-doped TiO, films with
Nb, prepared in Ar atmosphere, at -850 V
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films are one order higher than the value corresponding to ITO film, except the sample prepared at 4 W

applied to Nb target. The FOM of this sample is lower than the one corresponding to ITO.
7.3.8 Electronic properties of as-grown films

The band scheme for Nb-TiO, film prepared in Ar plasma at -750 V cathode self-bias voltage, when a
mosaic target was used for sputtering is shown in Figure 7.20 (a). The obtained values of work function,
electron affinity, optical band gap and ionization potential are given in the figure. The work function value
(4.03 eV) is slightly decreased comparing with the work function value obtained for TiO2 sample deposited
in Ar plasma (4.13 eV).

For lower concentrations of Nb (co-sputtering configuration from two separate TiO, and Nb targets), the
obtained work function values for all the films were higher than the work function corresponding to TiO,
film deposited in pure-Ar plasma. The values for work function, valence band edge, optical band gap,
ionization potential and electron affinity with respect to the vacuum level for Nb-TiO, films prepared in Ar
plasma at various powers applied to Nb target are listed in Table 7.5 and the band schemes for these samples
are drawn in Figure 7.20 (b). The value indicated as VBM(g=0) in the Table 7.5 corresponds to the VBM
corrected from band bending effect.

According to the band schemes, for none of the sample the Fermi level is not into the conduction band or
very close to the conduction band minimum edge, as expected from the low resistivity values and high
carrier concentrations for these films.

A good correlation was found between the OH3c signal and the WF values, as shown in Figure 7.21.
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Figure 7.20 Band schemes for (a) as-grown Nb-TiO, film prepared in Ar atmosphere, at -750 V and
(b) as-grown TiO, films prepared in Ar atmosphere varying the powers applied to Nb target, at -850
V, the values indicated in the figure corresponds to Eg
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Table 7.5 Work function, valence band edge, optical band gap, ionization potential and electron affinity

values for as-grown Nb-TiO, films prepared at various powers applied to Nb target, at -850 V, in Ar plasma

Power

VBM (g=0)

(W) WEF (eV) (&V) EqeV) Il,(evV) x(eV)
0 (TiO,) 4.57+0.10 2.12 3.35 6.99 3.34
2 6.84+0.55 1.36 3.38 8.20 4.82
3 5.15+0.19 1.63 3.30 6.78 3.48
4 5.90+0.49 2.07 3.30 7.97 4.67
5 4.82+0.19 1.85 3.22 6.67 3.45
0.011 . . T T T T
0.010 /: . o
0.009 ) 65
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= s . Lo >
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Figure 7.21 OH3c/VB area ratio and work function as obtained by XPS in function of the power
applied to Nb target, for as-grown Nb-TiO, films (-850 V to TiO, cathode), in Ar plasma

7.3.9 Influence of post-growth annealing on film electronic properties

The work function for post-growth annealed Nb-TiO, film (5%Nb) prepared in Ar plasma at -750 V
(mosaic target configuration) is slightly increasing comparing with the as-grown film prepared in the same
conditions, as can be seen from Figure 7.22 (a).

For the sample prepared at -850 V, in Ar, with the highest conductivity value obtained for 4 W, WF value
was determined (WF=2.39 eV). The band scheme obtained for this sample is shown in Figure 7.22 (b)
together with the WF, y, Ey and 1, values with respect to vacuum level, where can be seen that the Fermi
level position is situated above the CB,. However a discrepancy can be observed between the optical gap
and the position of the Fermi level. In degenerated semi-conductors, the optical gap undergoes a shift

towards higher energy, due to Burstein-Moss effect [3], which is not the case here. The measured band gap is
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thought however not to pertain to the intrinsic band structure of the film, but to describe rather an optical
absorption by band-like defect states and energetically close to the conduction band minimum, within the
gap. Such a behavior has been evidenced in a study of the optical properties of the defects in TiO, [Ref. 22 in
Chapter 4]. On the other hand, the low value found for the WF of this sample can be explained by the

presence of a surface dipole, whose positive polarity is directed towards vacuum and the negative one

0 0
vacuum level 1=3.74eV vacuum level WF:Z.S?/e
14 WF=4.11 eV %=2.95 €
1,27.20 8V 1 E=3.14eV
24 59%Nb 1,=6.09 eV
34 24 0.95% Nb
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S\ 44 CBmin EF
& E S 3 —*— CB,
~ s ) min
> 5
<y E =3.46 eV &5 ,
(5] 6 - 9 g 4
T @
Iy VB —e— 5
ma’
8 -
o] 6 —e— VB
max
10 7

Figure 7.22 Band schemes for Nb-TiO; films prepared at (a) -750 V and (b) -850 V on TiO, cathode
and 4 W on Nb cathode, both films being post-growth annealed in vacuum and deposited in Ar

towards the surface. In such case, even if band bending due to the analysis itself is avoided here, the one due
to a surface dipole is un-avoidable and a downward band bending may bring the CB;, at a lower level and

increase the energy distance between the Fermi level and CByn.

7.4 Intrinsically-extrinsically co-doped TiO, films

7.4.1 Electrical properties of as-grown films

The measured conductivity values of the as-grown Nb-TiO, films prepared in Ar-O, and Ar-H, plasmas, at
-550 V, -750 V and -850 V cathode self-bias voltages were in the order 102-10° < /cm™.

7.4.2 Influence of post-growth annealing on film electrical properties
Post-growth annealing at 900°C, for one hour, in vacuum was performed for Nb-TiO, films prepared in

Ar-O, (20%H,) and Ar-H, (20%H,) atmospheres, at -750 V, sputtered from a mosaic target. The Nb

concentration in these films, according to XPS measurements were ~4.5% and ~10% respectively. The
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conductivity values measured after annealing are 1.36x10" ©2‘cm™ for the film prepared with 20%0, added
in Ar plasma and 2.89x10" «2-'cm™ for the one prepared with 20%H, added in Ar plasma.

NDb-TiO, films prepared by co-sputtering from two different targets of TiO, and Nb with 10%0, and
10%H, added in Ar plasma (-850 V) were post-growth annealed at the same temperature and in the same
conditions like the ones prepared from the mosaic target at -750 V. The Nb concentration in these films was
less than 2%. The measured conductivity, carrier density and mobility values are listed in Table 7.6.

Table 7.6 Conductivity, carrier concentration and mobility values for post-growth annealed Nb-TiO, films
prepared with 10%0, and 10%H, added in Ar plasma, at various applied powers to Nb target

Power to Nb target  Conductivity  Carrier density n, Mobility

(W) (2 fem™ (cm™®) (cm?Vv's?)

pure-Ar - 10° - -

3 4.98x10" 6.79x10™ 45.7
10%0, 4 1.45x10" 2.50x10"° 3.63

5 3.05x10" 8.16x10"° 2.34

2 3.88x101 1.56x1012 156

3 3.64x10 1.33x10 171
10%H, 4 2.94x10" 1.09x108 168

5 1.62x10* 8.70x10" 116

In Figure 7.23 (a) the conductivity, carrier density and mobility values for Nb-TiO, films prepared in Ar-
O, atmosphere are plotted. Lower values of conductivity were obtained when oxygen was added in Ar
plasma comparing these results with the ones for the films obtained in Ar plasma, at different powers applied
to Nb target. The carrier densities for these films are in the order 10'%-10"° cm™, smaller than the carrier
densities of Nb-TiO, films prepared in Ar plasma and are increasing with the power applied to Nb target.
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Figure 7.23 (a) Conductivity, carrier concentration and mobility values and (b) mobility and grains
dimensions for post-growth annealed Nb-TiO, films prepared at various powers applied to Nb target,
in 10%0, added in Ar plasma, at -850 V
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The mobility values are decreasing with increasing the power applied to Nb target, as can be seen in Figure
7.23 (a). No clear correlation is observed between the grain size and the mobility values, as shown in Figure
7.23 (b).

When hydrogen is added in Ar plasma, the conductivity values are smaller than the conductivity values for
Nb-TiO, films prepared in pure-Ar plasma and are slightly decreasing with increasing the power applied to
Nb target, and the carrier density is decreasing (Figure 7.24 (a)). The measured mobility values for these
films are in the range 100-170 cm?V/st. Also in these films, no clear correlation can be found between the
mobility values and the grain size (Figure 7.24 (b)). It is also known that Ti-H bonds passivates the defects

like vacancies and enhance the carrier mobility.
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Figure 7.24 (a) Conductivity, carrier concentration and mobility values and (b) mobility and grains
dimensions for post-growth annealed Nb-TiO, films prepared at various powers applied to Nb target,
in 10%H, added in Ar plasma, at -850 V

In order to understand the correlation between high mobility values and low electron density or the
opposite case, the dependence of the carrier density on the electron mobility for the annealed in vacuum
intrinsically, extrinsically and intrinsically-extrinsically co-doped TiO, samples is plotted in Figure 7.25,
indicating the power applied to the Nb target and the O, and H, concentration added in the gas mixture.

It is well known that the low electron mobility values are a result of scattering by grain boundaries and/or
point defects. Post deposition heat treatment reduces point and/or dislocation defects in the amorphous or
poorly crystalised films by increasing the grain size and improving the overall crystal structure enhancing the
electron mobility, but this is not our case, because the grain size values for the samples with high p and low
n were not much higher than the grain size corresponding to the samples with low p and higher n.

Another possible explanation for the high p values can be the formation of anatase phase in these films,
reported to give a higher p value than the rutile one. But also this explanation does not fit in our case,
because the films with high p and low n were having anatase, rutile or anatase-rutile structures.

It has been suggested that hydrogen passivates the structural defects in TCO materials in the same way as

is well known for thin film silicon, enhancing the electron mobility. But this can explain only the properties
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of the samples prepared in Ar-H, gas mixture, not the ones prepared in Ar and Ar-O, gas mixture with high

values of p.
A possible explanation for the increase in mobility values can be attributed to the number of intrinsic

defects in the films [1]. By minimizing the intrinsic defects in the material, a high mobility can be achieved.
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Figure 7.25 Carrier concentration vs. electron mobility for intrinsically, extrinsically and
intrinsically-extrinsically co-doped annealed in vacuum TiO, films (-850 V on TiO, cathode)

7.4.3 Influence of substrate temperature on film electrical properties

Nb-TiO, films were prepared at a substrate temperature of 350°C during the sputtering from mosaic (-
750 V) target or the co-sputtering configuration (-850 V). Both depositions were performed with 3%H, added
in Ar plasma. The measured conductivity values were 6.25x10° £2‘cm™ when the film was deposited from a

mosaic target and 4.72x10" «2~'cm~ when co-sputtering from two separate TiO, and Nb targets was used.
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7.4.4 Optical properties of as-grown films

The transmittance and the absorption coefficient spectra in the visible range for as-grown Nb-TiO, films
prepared in Ar-O, (20%0,) and Ar-H, (20%H,) atmospheres at -750 V from a mosaic target are shown in

Figure 7.26. The corresponding thickness values and the Nb concentrations measured with XPS for both

films are given in the figure. The average absorption coefficient in the visible range for both films is ~7x10°

cm™.

The optical direct band gap values are similar in values: 3.57£0.01 eV for Nb-TiO; film prepared in Ar-

O, and 3.55+0.03 eV for for the film prepared in Ar-H,.
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Figure 7.26 (a) Transmittance and (b) absorption coefficient for as-grown Nb-TiO, films
prepared in Ar-O, (20%0,) and Ar-H, (20%H,) atmospheres, at -750 V

The optical properties for co-sputtered Nb-TiO, films obtained with 10%0, and 10%H, added in Ar
plasma were investigated. In Figure 7.27 the transmittance and the absorption coefficient spectra for Nb-TiO,

films prepared in Ar-O, at various powers applied to Nb target are shown and in Figure 7.28 the

transmittance and the absorption coefficient corresponding to the samples prepared with 10%H,.
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Figure 7.27 (a) Transmittance and (b) absorption coefficient for Nb-TiO, films prepared in Ar-
H, plasma, at different powers applied to Nb target
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No changes in the optical direct band gap values of the films were observed: 3.33 eV, 3.32 eV and 3.31 eV
for 3 W, 4 W and 5 W powers applied to Nb target when 10%0, was added in Ar plasma and 3.37 eV, 3.33

eV and 3.34 eV for 3 W, 4 W and 5 W powers applied to Nb target when H, was used as reactive gas in the

depositions.
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Figure 7.28(a) Transmittance and (b) absorption coefficient for Nb-TiO, films prepared in Ar-
O, plasma, at different powers applied to Nb target

7.4.5 Influence of post-growth annealing on film optical properties

The Nb-TiO, films prepared by co-sputtering from two separate targets, in Ar-O, (10%0,) and Ar-H,

(10%H,) gas mixtures were post-growth annealed in vacuum at 900°C. The transmittance and absorption

coefficient spectra in the visible range are shown in Figure 7.29 for the samples prepared in Ar-O, at various

powers applied to Nb and in Figure 7.30 for the ones prepared in Ar-H, at different powers. After annealing

in vacuum the transmittance is decreasing for both types of films, most probably due to the formation of new
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Figure 7.29 (a) Transmittance and (b) absorption coefficient for post-growth annealed in
vacuum Nb-TiO; films prepared in Ar-O, plasma, at different powers applied to Nb target
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oxygen vacancies after the post-growth annealing in vacuum.
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Figure 7.30 (a) Transmittance and (b) absorption coefficient for post-growth annealed in vacuum
Nb-TiO, films prepared in Ar-H, plasma, at different powers applied to Nb target

7.4.6 Influence of substrate temperature on film optical properties

Low transmittance (~30%) was observed for the Nb-TiO, film prepared in Ar-H, plasma (3%H, added in

discharge) when the substrate temperature during deposition was set at 350°C. The film was deposited from
a mosaic target, at -750 V.

7.4.7 Figure of merit of intrinsically-extrinsically co-doped TiO, films

The quality of Nb-TiO, films co-sputtered from two targets in Ar-O, and Ar-H, atmospheres was
evaluated, using the ratio % The obtained values are plotted in Figure 7.31 (a) as a function of the power
applied to Nb target. The FOM values for the obtained films are two orders higher than the value
corresponding to ITO film.

A similarity was observed between the FOM values for these samples and the FOM values for un-doped
TiO, films prepared in various atmospheres (Ar-O, and Ar-H,), shown in Figure 7.31 (b). The plots for

intrinsically-doped TiO, resemble those of intrinsic-extrinsic doped TiO,. Nb introduction has no effect in

improving the films performance as TCO.
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Figure 7.31 Figure of merit values for (a) intrinsically-extrinsically co-doped Nb-TiO, and (b)
intrinsically-doped TiO, films, prepared in Ar-O, and Ar-H, atmospheres, at -850 V

7.4.8 Electronic properties of as-grown films

In Figure 7.32 (a) the band scheme for as-grown Nb-TiO, films sputtered from a mosaic target in Ar-O,
(20%0,) and Ar-H, (20%H,) atmospheres at -750 V is shown. Similar to TiO, films prepared in Ar-O,
plasma, the work function value for Nb-TiO, film prepared in Ar-O, plasma is increasing until a value of
6.70 eV and when the film is deposited using Ar-H, plasma the work function value is decreasing (3.08 eV),

comparing with the sample prepared in pure-Ar plasma, with a work function equal to 4. 03 eV. The

OH3s/VB area ratio and the WF values dependence is shown in Figure 7.32 (b).
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Figure 7.32 (a) Band scheme and (b) OH3c/VB area ratio with WF for as-grown Nb-TiO, films prepared
in Ar-O, (20%0,) and Ar-H, (20%H,) atmosphere, at -750 V (the lines serve only to guide the eye)
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For Nb-TiO, samples prepared by co-sputtering from two separate targets the work function, valence band
edge, optical band gap, ionization potential and electron affinity values with respect to the vacuum level are
listed in Table 7.7 (where VBM(g=0) is the VBM value corrected for the band bending effect during the XPS
analysis) and the obtained band schemes are shown in Figure 7.33. High values of WF were obtained for the
samples deposited in Ar-O, gas mixture and low WF values when H, was added in discharge.

The role of OH groups in determining the work function value can be understood from Figure 7.34 where
this parameter is plotted together with the OH3c/VB area ratio from XPS analysis. A somewhat good
correlation can be found between these two parameters for samples deposited in Ar-O, plasma, but not in the
case of Ar-H, plasma. The surface of these two kinds of samples is clearly different, besides the OH3c /VB
area ratio is much lower in the case of Ar-H; plasma, which corresponds to much lower values of the work

function. The surface is more likely H-terminated.

Table 7.7 WF, VB, Eg, I, and y values for as-grown Nb-TiO, films deposited in Ar-O, (10%0,) and
Ar-H, (10%H,) atmospheres at various powers applied to Nb target, at -850 V

Power VBM (gq=0)
(W) WF (eV) (&V) Es(eV) 1 (eV) x(eV)
10%0, 0 (TiO,) 5.06+0.12 1.97 3.28 7.03 3.75
3 6.57+0.66 1.78 3.33 8.35 5.02
4 7.30+0.79 2.08 3.32 9.38 6.06
5 4.96+£0.17 181 3.31 6.77 3.46
10%H, 0 (TiO,) 3.96+0.04 3.33 3.54 7.29 3.78
3 3.74+0.15 2.16 3.37 5.90 2.53
4 3.86x0.09 2.05 3.33 5.91 2.58
5 3.56x0.08 2.42 3.34 5.98 2.64
0 vacuum level 0 vacuum level 10%H
] level 10%02' L 0 2I
24 24
— 371 *%es,,, axevi amev aMed
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Figure 7.33 Band schemes for as-grown Nb-TiO, films prepared in (a) Ar-O, (10%05)
and (b) Ar-H, (10%H,) atmospheres varying the powers applied to Nb target, at -850 V
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Figure 7.34 OH3c/VB area ratio and WF as obtained by XPS in function of the power applied to Nb target
for as-grown TiO, films at -850 V to TiO, cathode for (a) 10%0, and (b) 10%H, added in Ar plasma

7.4.9 Influence of post-growth annealing on film electronic properties

The work function for post-growth annealed in vacuum Nb-TiO, films sputtered from a mosaic target in
Ar-0, and Ar-H, plasmas at -750 V was determined and the band schemes for these samples are shown in
Figure 7.35 (a).

No correlation was found between the OH3s/VB area ratio and the WF values for the annealed in vacuum

films prepared in various gas mixtures, as can be seen in Figure 7.35 (b).
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Figure 7.35 (a) Band scheme and (b) OH3s/VB area ratio with the WF values for post-growth annealed
Nb-TiO, films prepared in Ar-O, (20%0,) and Ar-H, (20%H,) atmosphere (-750 V on TiO, cathode),
the lines serve only to guide the eye
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7.5 Concluding remarks

The electrical, optical and electronic properties of intrinsically, extrinsically and intrinsically-extrinsically
co-doped TiO, were studied.

The conductivity values for as-grown intrinsically, extrinsically and intrinsically-extrinsically co-doped
TiO, films prepared in Ar, Ar-O, and Ar-H, gas mixtures were low (102-10° Q'cm™). The films were
transparent in the visible region (400-800 nm). The hydrogen addition in the gas mixture in high
concentrations decreased the transmittance of the films. Also the Nb addition in the sputtering process in too
high concentrations is decreasing the transmittance of the films.

The annealing in vacuum at 900°C improved the electrical properties of the intrinsically-doped TiO, films.
High conductivity values were obtained. For the TiO, films prepared in Ar-O, the measured o was in the
range 1.13x10? - 3.52x10* Q*cm™ and n, is decreasing with increasing the O, concentration in the gas
mixture (2.95x10*° cm™ for 3%0, to 7.22x10™ cm™ for 33%0,). High mobility values were measured for
these samples (74-512 cm?V's™), attributed to a small number of intrinsic defects in the films. The
transparency of the films decreased after annealing in vacuum and an increase in the absorption coefficient
value was observed, due to an increase in the number of oxygen vacancies during the annealing in vacuum.
The direct band gap is increasing after annealing.

For the annealed samples prepared in Ar-H, values the measured o values were in the range 2.17x10" —
1.2x10° Q*ecm™. No great variation is observed for n, values (1.44x10"® cm™ - 2.96x10® cm™). The mobility
values are increasing with increasing the H, concentration in the gas mixture (53-519 cm®V's™), attributed to
a small number of intrinsic defects in the films and the presence of hydrogen in the discharge, known to
passivate the structural defects in TCO materials. The transparency of the films decreased after annealing in
vacuum and an increase in the absorption coefficient value was observed, but less than in the case of the
samples prepared in Ar-O, gas mixture, indicating an increase in the number of oxygen vacancies during the
annealing in vacuum. The direct band gap is decreasing after annealing.

High value of conductivity was found for the TiO, film prepared at 350°C substrate temperature during the
deposition in Ar plasma (2.7x10? Q'cm™), but with low carrier density value was 1.31x10"™ cm?®. An
increase in the absorption coefficient value as compared to the sample prepared at RT in the same conditions
was observed, indicating the formation of oxygen vacancies during annealing in vacuum.

The annealing in vacuum at 900°C improved the electrical properties of extrinsically-doped TiO, films.
High conductivity values (1.05x10° - 5.95x10° Q'cm™) were obtained for low concentration of Nb (<2.3%)
in the films (co-sputtered from two separate TiO, and Nb targets). The highest conductivity value was
obtained when 4 W was used as applied power to Nb target (corresponding to 0.95% Nb in the film) with
1.05x10%? cm™® carrier density and p=3.54 cm?V's™. The carrier density values are in good correlation with
the mobility values in these films. An increase in n, leads to a decrease in x and the vice-versa. The increase
or decrease in mobility values is also correlated with the grains dimension. The transparency of the films

decreased after annealing in vacuum and an increase in the absorption coefficient value was observed, due to
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an increase in the number of oxygen vacancies during the annealing in vacuum. The direct band gap is
decreasing after annealing.

An increase in the conductivity values was observed for Nb-TiO, films prepared at various substrate
temperatures (300-420°C) during the deposition in Ar plasma (from 10° Q'cm™ to 10° Q'cm™). The
transmittance of the films was decreasing with increasing the substrate temperature and the absorption
coefficient values were increasing.

The annealing in vacuum at 900°C improved the electrical properties of intrinsically-extrinsically co-doped
TiO;, films, prepared by co-sputtering from two separate TiO, and Nb targets, with 10%0, and 10%H, added
in Ar plasma. Conductivity values in the range 1.45x10" — 4.98x10" Q'cm™ were measured for co-sputtered
Nb-TiO, films (<2%Nb) at various applied powers to Nb target (-850 V on TiO, cathode), lower values
comparing with the Nb-TiO, films prepared in Ar plasma. n, values for the films prepared with 10%0O, added
in the gas mixture are in the order 10'2-10" cm™®, smaller than the n, values for Nb-TiO, films prepared in Ar
plasma and are increasing with the power applied to Nb target. The mobility values are decreasing with
increasing the power applied to Nb target. No clear correlation is observed between the grain size and p
values. n, values for the films prepared with 10%H, added in the gas mixture are in the order 10*-10" cm?,
smaller than the n, values for Nb-TiO, films prepared in Ar plasma and are decreasing with the power
applied to Nb target. Also for these samples, no clear correlation is observed between the grain size and p
values. The transparency of the films decreased after annealing in vacuum and an increase in the absorption
coefficient value was observed, indicating an increase in the number of oxygen vacancies during the
annealing in vacuum. The direct band gap is decreasing after annealing.

High value of conductivity was found for the Nb-TiO, film prepared at 350°C substrate temperature during
the deposition in Ar-H, plasma with 3%H, (10" — 10* Q*cm™), but with low transmittance of the films.

The figure of merit was determined for all the films. The extrinsically-doped TiO, films prepared by co-
sputtering from two separate TiO, and Nb targets in Ar plasma were having the best optical and electrical
properties, while the intrinsically and intrinsically-extrinsically co-doped TiO, films were having similar
values, higher than the extrinsically-doped TiO.,.

Doping with intrinsic defects of TiO, films gave high values of conductivity, but not enough to allow the
use of these films as replacement of ITO as a transparent conductor. The best intrinsically-doped films in
terms of optical and electrical properties were TiO, films deposited in Ar-O, gas mixture. Higher
conductivity values were obtained for extrinsic-doped TiO, films in comparison with the un-doped TiO;
films prepared in Ar-O, gas mixture. The best performance in terms of optical transparency and conductivity,
which raised the films at ITO level, was obtained for a narrow concentration range of Nb. All Nb
concentrations above 2.3 at.% were ineffective in doping. It was understood that well-doped films (high n)
means also an anatase-to-rutile transformation “inhibited”. When the anatase-to-rutile transformation occurs,
it was accompanied by reduced crystallite size, which leads also to a reduction of electron mobility in these
films. No effective Nb-doping effect on the electrical properties of the films prepared with such processes

was found. Even if the conductivity values were high, they keep far from the ITO value. The doping
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efficiency loss in TiO,-Nb films grown in Ar-O, and Ar-H, plasmas are attributed to the conductivity loss
regarded primarily the carrier density (only a very limited increase was obtained with Nb incorporation in the
case of Ar-O, gas mixtures and no effect at all was obtained in the case of Ar-H, gas mixture, while in the
films prepared in Ar plasma, nearly four orders of magnitude improvement brought about by Nb was
observed) and the structure distortion introduced by the presence of defects like oxygen vacancies or Ti-OH
and/or Ti-H bonds expected to modify the solubility of Nb in the TiO, structure.

The valence band edge, Fermi level position, work function, ionization potential and electron affinity with
respect to vacuum level were determined for all the samples. An increase in the WF value was observed with
increasing the O, concentration in the gas mixture and a decrease with increasing the H, concentration. A
correlation was found between the OH groups number and the WF values for the samples prepared in Ar-O,
gas mixture. In the case of the samples prepared in Ar-H, gas mixture, also a good correlation of these two
parameters was observed, but until 20%H, in Ar plasma, most probably due to a hydrogen terminated
surface, therefore a competitive effect of OH groups and H on the surface.
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8. Investigation of structural vacancies
in doped-~TiOz by positron annihilation

sEectroscopl

Studies of positron annihilation in metals, semi-conductors, nanocrystals, amorphous materials, and
ceramics revealed that positrons can be trapped by vacancies both in the metallic and nonmetallic
sublattices, in vacancy clusters, at grain boundaries, by dislocations, etc.

In this chapter the local atomic environment of vacancies in intrinsically, extrinsically and intrinsically-
extrinsically co-doped TiO, was studied by electron—positron annihilation, a promising and universally

recognized experimental approach to investigation of solids with point, linear, extended, and bulk defects.
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8.1. Introduction

The structural vacancies were investigated in the intrinsically, extrinsically and intrinsically-extrinsically
co-doped TiO, films, prepared in various gas mixtures (Ar, Ar-O, and Ar-H,) by Doppler broadening
measurements and positron lifetime measurements. The influence of the post-growth annealing in vacuum at

900°C on the structural properties of the films was also investigated.

8.2 Intrinsically-doped TiO,

8.2.1 Structural vacancies in as-grown films

Doppler broadening measurements for as-grown TiO, films prepared in Ar, Ar-O, (20%0,) and Ar-H,
(20%H,) atmospheres on Si (100) substrates at a self-bias cathode voltage of -750 V were performed at room
temperature (RT). The mentioned films are having an amorphous structure, except the film prepared in Ar-
O, atmosphere, characterized by X-ray Diffraction measurements.

The Doppler broadening spectra were analyzed and the S and W line shape parameters were defined. The
characteristic valence-electron annihilation parameter S identifies the extent of positron annihilation with
valence electrons. The core-electron annihilation parameter W is a characteristic of the annihilation of
positrons with core electrons.

The open volume depth profile of the studied samples can be described by the analysis of the dependence
of S parameter on positron energy implantation E curves, shown in Figure 8.1 (a). The line through the
experimental points was obtained by a fitting procedure (VEPFIT program) based on the solution of the
stationary positron diffusion equation. In all investigated samples, the experimental data were satisfactorily

fitted assuming a structure of three layers each of them ascribed to a different positron annihilation sites: the
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Figure 8.1 (a) S-E curves for as-grown TiO; films in Ar, Ar-O, (20%0,) and Ar-H, (20%H,)
atmospheres, the solid lines represent a fit by VEPFIT; (b) Syux and O)/Ti atomic ratios in various
atmospheres (the lines are used only to guide the eye)
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deposited film, an intermediate layer (bulk) and a semi infinite Si bulk layer. The S parameter value
characteristic for each layer can be extracted. The S values for the bulk region for the studied films are
plotted in Figure 8.1 (a).

For TiO; film prepared in Ar plasma the S value is S,,,=0.879. When oxygen is introduced in Ar plasma,
Shulk is decreasing reaching a value equal to 0.860. The decrease of S-parameter was indicated to correspond
to less open volumes in the film. The O/Ti atomic ratio value is also decreasing for the sample prepared in
Ar-0, atmosphere, as shown in Figure 8.1 (b) [1].

Adding hydrogen in Ar plasma, Sy, value is slightly decreasing (S,w=0.877) indicating less open
volumes. The O/Ti atomic ratio was similar to the one corresponding to the sample prepared in Ar-O,
atmosphere, most probably due to the formation of Ti-OH coming from the H,O dissociation.

For a better understanding of the dynamic variation of defects, positrons lifetime measurements (PAL)
were performed for as-grown TiO, film prepared in pure-Ar plasma. After injecting of the positron in the
material it diffuses and is drawn by defects where it can be trapped and thereafter annihilates. The lifetime of
the positron depends on how quickly it encounters an electron since the positron and electron annihilate each
other and release y-rays that escape the system without any interaction. If the electron density is lower at
trapping sites than the bulk density, then the positron lifetime will increase relative to the life-time in a
defect-free bulk. Thus, positron lifetime analysis can provide information on the character, size and
concentration of the trapping sites.

The PAL spectra were recorded at room temperature (RT). The best computer fits of the PAL spectra were
achieved using two lifetime components in the substrate region and three components in the surface and bulk
region, with corresponding intensity values. Titanium and TiO, rutile reference samples were also measured.

The probability that the positron survives in the sample after a time t is given as:

t t
n(t) =1, exp (— T—) + I, exp (— T—)
1

2

if 7, and 1, correspond to two different kinds of defects. In the case of the present samples, three components
of positron lifetime were evidenced.

The positron lifetime components 1, T, and 13 and their related intensities 1y, 1, and 13 as a function of the
positron implantation energy for the film prepared in Ar plasma were measured, as can be seen in Figure 8.2.
The obtained lifetime values correspond to typical lifetime values for amorphous TiO,: 1 is attributed to free
positrons in material (vacancies) being the shortest component, 1, is arisen from positron trapping in
microvoids inside or at the interfaces/grain boundaries, which are supposed to have larger free volume and t;
is attributed to the orto-positronium annihilation in a free space [2]. The third component will not be taken
into account due to the corresponding small intensity in all the samples.

In Table 8.1 the positron lifetime values reported in the literature for Ti and TiO, are listed. These values

were used for the identification of the measured lifetimes for our films.
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Positron lifetimes [ps]

Table 8.1 Positron lifetimes in TiO,

Amorphous TiO, [2] 11~210-246 ps; 1,~450-455 ps; 13~1400-1500 ps
Bulk Ti ~143-152 ps [3]

Monovacancies Ti ~222 ps [3]

Dislocations of Ti ~168-195 ps [3]

Vacancy clusters of Ti (N=10) | ~500 ps [3]

Bulk TiO, ~148 ps [4]

Oxygen vacancy ~170 ps [4]

Ti vacancy ~190 ps [4]

Microvoids at interfaces ~400-580 ps [4]

Mean positron implantation depth [nm] Mean positron implantation depth [nm]
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Figure 8.2 (a) The positron lifetime components 13, T, and t3 and (b) their related intensities Iy, I,
and I3 as a function of the positron implantation energy for as-grown TiO, film obtained in Ar

The positron lifetime components t;, 1, and 13 (related to the electron density at the defect) and their

related intensities 1;, 1, and I; (related to the number of defects) were measured for a given positron

implantation energy corresponding to the bulk region (2-4 keV), determined from S curves. The obtained
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Figure 8.3 (a) The positron lifetime values 14, T, and t3 and (b) their related intensities I, I, and I3
for as-grown TiO, films obtained in Ar, Ar-O, and Ar-H, plasmas
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values are given in Table 8.2 and are plotted in Figure 8.3.

For the as-grown samples prepared in Ar-O, and Ar-H, atmospheres, the positron lifetime t; is decreasing
compared to 1, in the film prepared in Ar plasma (from 302 ps in Ar plasma to 185 ps in Ar-O, plasma and
128 ps in Ar-H; plasma). 1, is also decreasing when O, or H, is used in Ar plasma, from 56% in Ar plasma to
16% in Ar-O, and for 20%H, introduced in discharge reaches a value equal to 5%.

11 value for the sample prepared in Ar plasma (302 ps) is much higher for what reported for O or Ti
vacancies in TiO,. For the samples prepared in Ar-O, and Ar-H, gas mixtures, t; values are much closer to
the reported values for O or Ti vacancies and can be attributed to positrons annihilation in vacancies, more
likely in oxygen vacancies as it came out from the XPS analysis results. The high value of t, for the sample
prepared in Ar plasma could be due to decorated-vacancy clusters (possibly V-0,).

An opposite trend was found between the intensity I, and O\/Ti atomic ratio from the XPS analysis, shown
in Figure 8.4. A decrease in |, intensity should be correlate with an increase in the stoichiometric ratio. This
could indicate that the vacancies in the films prepared in Ar-O, and Ar-H, gas mixtures are more passivated
than in the film prepared in pure-Ar plasma.
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Figure 8.4 O,/Ti atomic ratios from XPS analysis and Intensity I, corresponding to lifetime t, for
as-grown TiO, films prepared in various atmospheres (the lines are used only to guide the eye)

The second lifetime 1, associated with the positron trapping in microvoids inside or at the interfaces/grain
boundaries is decreasing compared to t, in the film prepared in Ar plasma (from 434 ps in Ar plasma to 359
ps in Ar-O, plasma and 381 ps in Ar-H, plasma). The decrease in t, value indicates larger grain size and a
lower density of interface/grain boundary. The sample prepared in Ar-O, was not amorphous when analyzed
with XRD as the sample prepared in Ar plasma, but nanocrystalline anatase and rutile phases were observed,
a possible explanation for the decrease in t, value. The decrease of t, value for the sample prepared in Ar-H,
can be explained with the XPS results presented in Chapter 4, where it was observed the existence of Jahn-

Teller effect when hydrogen is introduced in Ar plasma. This mechanism was reported for nanocrystalline
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TiO, films. 1, is increasing when O, or H, is used in Ar plasma, from 43% in Ar plasma to 83% in Ar-O, and
94% in Ar-H..
T3 value, characteristic of microvoids defects with much lower electron density such as pores, in which

positronium can form, is highest for the sample prepared in pure-Ar plasma, with the highest value of .

Table 8.2 The lifetime values and the corresponding intensities for as-grown and annealed TiO, and Nb-

TiO, samples

Ar Ar-0O, Ar-H; Ar Ar-0, Ar-H;
(20%0;)  (20%H,) (20%0;)  (20%H,)
as-grown 7 (ps)  302.6+4.5 185.548.7 128+10 as-grown r1(ps) 2735+119  63.5+25 330.1+8.3
TiO, Iy (%) 56.0+4.1 16.1+1.6 5.0+0.4 Nb-TiO, 1; (%) 33.047.2 9.5+0.2 49.246.2
7o (ps)  434.6+75  359.0+2.5 381+1 r2(ps) 394788  357.2+05  474.7+10.6
12 (%) 43.7+4.1 83.1+1.6 94.4+0.3 12 (%) 66.8+7.0 90.2+0.2 50.6+6.1
73 (ps) 1630+95 1120+62 1155475 73(ps)  1054x185  1627+100 1820317
15 (%) 0.3+0.04 0.8+0.1 0.6+0.1 15 (%) 0.2+0.1 0.3+0.03 0.2+0.06
annealed 74 (ps) 79.8+2.2 266+10 340.7+2.2 annealed 71 (ps) 298+3 322.4+2.1 300.6+1.2
TiO2 11 (%) 13.3+0.2 27.7+4.8 82.442.2 Nb-TiO2 Iy (%) 78.8+3.4 87.3x2.1 84.9+1.0
72(ps)  349.9#12 39545 490.8+9.4 72(ps)  451.9+14.8 519+20 493.616.5
1, (%) 83.9+0.3 72.1+4.8 17.6+2.2 1, (%) 21.1+3.3 12.5#2.0 15.1+#1.0
73 (ps) 681+20 1633+140 r3(ps)  1788£319 2145277
15 (%) 2.8+0.4 0.2+0.04 15 (%) 0.1+0.04 0.2+0.04

8.2.2 Structural vacancies in post-growth annealed films

The structural vacancies of the post-growth annealed in vacuum at 900°C TiO, films were investigated.
The dependence of S parameter on the positron energy implantation E for the annealed samples is shown in

Figure 8.5 (a). The Syyi values are given in the figure.
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Figure 8.5 (a) S-E curves for annealed TiO, films prepared in Ar, Ar-O, (20%0,) and Ar-H,
(20%H;) atmospheres, the solid lines represent a fit by VEPFIT; (b) Spux and O/Ti atomic
ratios in various atmospheres (the lines are used only to guide the eye)
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After annealing, the Sy value for the film prepared in Ar plasma does not considerably change (0.877),
for the sample prepared in Ar-O, gas mixture is increasing (from 0.860 to 0.894) indicating more open
volumes and for the sample prepared in Ar-H, gas mixture is also increasing (from 0.877 to 0.885). A good
correlation was found between the Sy« values and O,/Ti atomic ratios from XPS analysis for as-grown and
annealed samples as shown in Figure 8.5 (b).

The positron lifetime values t;, 1, and t3 and their related intensities I;, I, and I; measured for a given
positron implantation energy corresponding to the bulk region (2-4 keV), determined from S curves for the
post-growth annealed in vacuum samples prepared in Ar, Ar-O, and Ar-H, atmospheres are given in Table
8.2 and plotted in Figure 8.6.

The positron lifetime 1, is decreasing after annealing in vacuum for the film prepared in Ar plasma (from
302 ps in as-grown film to 79 ps in annealed film) and is increasing for the annealed samples prepared in Ar-
0O, and Ar-H, plasmas (from 185 ps to 266 ps in Ar-O, and from 128 ps to 340 ps in Ar-H,). t; is strongly
decreasing after annealing for the sample prepared in Ar plasma, most probably due to the desorption of O,
in the V-impurity complex (decomposition of the complex). For the samples prepared in Ar-O, and Ar-H,
gas mixtures 7, is increasing after annealing, most probably due to the formation of divacancies.

I, is also decreasing after annealing for the film prepared in Ar plasma (from 56% in as-grown film to 13%
in annealed film) and is increasing for the annealed samples prepared in Ar-O, and Ar-H, plasmas (from
16% to 27% in Ar-O, and from 5% to 82% in Ar-H,). If the O/Ti atomic ratios are plotted together with I,
values (Figure 8.7 (a)) in Ar and Ar-O, atmospheres, the same behavior is observed, but not in the case of
Ar-H,.

The second lifetime t, associated with the positron trapping in microvoids inside or at the interfaces/grain
boundaries is decreasing after annealing in the film prepared in Ar plasma (from 434 ps in Ar plasma to 349

ps), explained by the formation of anatase and rutile phases after annealing in vacuum. For the samples
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Figure 8.6 (a) The positron lifetime values 14, 1, and t3 and (b) their related intensities I, I, and I3
for post-growth annealed TiO, films obtained in Ar, Ar-O, and Ar-H; plasmas
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prepared in Ar-O, and Ar-H, plasmas an increase of t, is observed after annealing in vacuum (from 359 ps to
395 ps in Ar-O, plasma and from 381 ps to 490 ps in Ar-H, plasma). After annealing in vacuum, both TiO,
films prepared in Ar-O, and Ar-H, plasmas were not amorphous anymore, but anatase-rutile and rutile
phases were detected. I, is increasing after annealing for the film prepared in Ar plasma (from 43% in as-
grown film to 83% in annealed film) explained by the formation of a porous structure after annealing and is
decreasing for the annealed samples prepared in Ar-O, and Ar-H, plasmas (from 83% to 72% in Ar-O, and
from 94% to 17% in Ar-H,) where less porous structure (in Ar-O, plasma) or preserved columnar structure
(in Ar-H, plasma) after annealing was observed. In Figure 8.7 (b) the grain dimensions are plotted together

with the intensity I,.
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Figure 8.7 (a) O/Ti atomic ratios and intensity I, corresponding to lifetime t; and (b) Intensity
I, corresponding to lifetime 1, and grains dimension for as-grown and post-growth annealed in
vacuum TiO, films prepared in various atmospheres (the lines are used only to guide the eye)

8.3 Extrinsically-doped TiO,

8.3.1 Structural vacancies in as-grown films

The dependence of S parameter on positron energy implantation E for Nb-TiO, film prepared in Ar plasma
is shown in Figure 8.8. The concentration of Nb in this film was 5 at.%, measured with XPS. The Sy, value
determined for this film (Sp,x=0.887) is higher than the S,k value in TiO, film, prepared in Ar plasma
(Spu=0.879), indicating more open volumes after the Nb introduction in the lattice. The chemical formula
obtained for this sample was Tii.¢11Nbg 160, and for as-grown TiO, sample prepared in the same conditions

the stoichiometric ratio O,/Ti was 1.93.
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Figure 8.8 S-E curve for as-grown Nb-TiO, film prepared in Ar plasma,
the solid lines represent a fit by VEPFIT;

The positron lifetime components 14, 1, and 13 and their related intensities 1y, I, and I3 as a function of the
positron implantation energy for the Nb-TiO, film prepared in Ar plasma was measured, shown in Figure

8.9. The obtained lifetime values correspond to typical lifetime values for amorphous TiO; [2].

TioO, Nb-TiO,  Tio, Nb-TiO,
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Figure 8.9 Lifetime and intensity values for as-grown and annealed TiO, and Nb-TiO,
films prepared in Ar plasma

The obtained values for the bulk region are: t,=273 ps with 1,=33%, 1,=394 ps with 1,=66%, 13=1054 ps
with 13=0.2% and are plotted in Figure 8.9. A decrease in I, value is observed after the introduction of Nb in
TiO, lattice (from 56% in TiO, film to 33% in Nb-TiO, film), indicated to correspond to a decrease in the
oxygen vacancies relative number.

T, value is decreasing in Nb-TiO, film (from 434 ps in TiO, film to 394 ps in Nb-TiO, film) indicating a

lower density of interface/grain boundary in Nb-TiO, film. The corresponding intensity I, is increasing when

-172 -



8. Investigation of structural vacancies in doped-TiO, by positron annihilation spectroscopy

Nb is introduced in TiO, structure (from 43% in TiO, film to 66% in Nb-TiO, film). A lower value for T3
lifetime component is observed for Nb-TiO, film prepared in Ar plasma, comparing with 13 lifetime value

corresponding to pure-TiO, film prepared in Ar plasma (t;=1630 ps for TiO, film and 15=1054 ps for Nb-
TiO; film).

Mean positron implantation depth [nm] Mean positron implantation depth [nm]
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Figure 8.10 (a) The mean positron lifetime profiles and (b) intensities for as-grown
Nb-TiO, sample obtained in Ar plasma

8.3.2 Structural vacancies in post-growth annealed films

The dependence of S parameter on positron energy implantation E for post-growth annealed in vacuum
Nb-TiO, film prepared in Ar plasma is shown in Figure 8.11. After annealing S,,=0.881, remaining

approximately the same like in the as-grown film. For annealed TiO, film, Sy, is smaller (Sp,k=0.877),
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Figure 8.11 S-E curve for post-growth annealed Nb-TiO, film prepared in Ar
plasma, the solid lines represent a fit by VEPFIT;
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indicating less open volumes.

The positron lifetime values 1, T, and t3 and their related intensities 1, I, and I3 were measured for a given
positron implantation energy corresponding to the bulk region (2-4 keV), determined from S curves. The
obtained values are given in Table 8.2 (t;=298 ps with 1,=78%, 1,=451 ps with 1,=21%, 13=1788 ps with
1,=0.1%) and plotted in Figure 8.12 together with the positron lifetime values 11, 1, and 13 and their related
intensities Iy, 1, and 15 for as-grown Nb-TiO, film deposited in Ar plasma.

After annealing, 1; value associated with the vacancies in material is increasing (from 33% for as-grown to
78% for annealed). t, value is increasing in annealed Nb-TiO, film (from 394 ps in as-grown film to 451 ps
in annealed film) and the corresponding I, value is decreasing after annealing (from 66% in as-grown film to
21% annealed film) indicating a lower density of interface/grain boundary. The result is confirmed by XRD
measurements, where it was observed that the amorphous as-grown Nb-TiO, film became polycrystalline
(anatase+rutile) after annealing in vacuum, with grain dimensions of ~22 nm.

In conclusion, the Nb addition in TiO, films indicates more open volumes, an increase in the relative
number of oxygen vacancies and a lower density of interface/grain boundary. After annealing in vacuum, no
considerable changes in the open volume nature are observed and the number of oxygen vacancies is

increasing, while the density of interface/grain boundary is decreasing.
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Figure 8.12 (a) The positron lifetime values 13, 1, and t3 and (b) their related intensities I, I, and
I; for post-growth annealed Nb-TiO, film obtained in Ar plasma

8.4 Intrinsically-extrinsically co-doped TiO,

8.4.1 Structural vacancies in as-grown films

The dependence of S parameter on positron energy implantation E for as-grown Nb-TiO, films prepared in
Ar-0, (20%0,) and Ar-H, (20%H,) atmospheres are shown in Figure 8.13 together with the film prepared in
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Ar plasma. The concentration of Nb in the film prepared in Ar-O, atmosphere was ~4.5 at.% and for the film
prepared in Ar-H, was ~10.5 at.%, measured with XPS.

A decrease in Sy, value as compared to the film prepared in Ar plasma is observed for the sample
prepared in Ar-O, plasma, indicating less open volumes in the film and an increase in the case of the sample

prepared in Ar-H, gas mixture, indicating more open volumes.
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Figure 8.13 S-E curves for as-grown Nb-TiO, films in Ar, Ar-O, (20%0,) and Ar-H, (20%H,)
atmospheres, the solid lines represent a fit by VEPFIT

The positron lifetime values t,, 1, and t3 and their related intensities Iy, I, and I3 were measured for a given
positron implantation energy corresponding to the bulk region (2-4 keV) in as-grown Nb-TiO, films prepared
in Ar-O, and Ar-H, atmospheres. The obtained values are plotted in Figure 8.15.

When O is used in Ar plasma while depositing Nb-TiO, films, t; value is decreasing (from 273 ps in Ar

plasma to 63 ps in Ar-O, plasma) and the corresponding intensity I; is decreasing (from 33% in Ar plasma to

0.35

x L 50
0.30 1
P L 40
=z i _
s 0.25 5
x | A @
- ! 30 3
. - —
'; 0.20 4 <
> H,a
o ° F20 X
S osd Y -
=< [ ]
0.10 /‘ 10
X n
T T T
Ar 20%02 20%H2

Figure 8.14 x and y in Ti;.xO,Nby and intensity I, corresponding to lifetime t, for as-grown Nb-TiO,
films prepared in various atmospheres (the lines are only to guide the eye)
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9.5% in Ar-O, plasma), indicating a decrease in the number of vacancies in material (Figure 8.14). t, value is
decreasing (from 394 ps in Ar plasma to 357 ps in Ar-O, plasma) and the corresponding intensity I, is
increasing (from 60% in Ar plasma to 90% in Ar-O, plasma). Both films show an amorphous structure in the
XRD patterns.

For H, added in Ar plasma while depositing Nb-TiO, films t; value is increasing (from 273 ps in Ar
plasma to 330 ps in Ar-H;, plasma) and the corresponding intensity I, is increasing (from 33% in Ar plasma
to 49% in Ar-H, plasma), indicating an increase in the number of vacancies, in agreement with the chemical
formula for this film (Figure 8.14). t, value is increasing (from 394 ps in Ar plasma to 474 ps in Ar-H,
plasma) and the corresponding intensity I, is decreasing (from 66% in Ar plasma to 50% in Ar-H, plasma)
indicating a lower density of interface/grain boundary. Both films show an amorphous structure in the XRD

patterns.
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Figure 8.15 (a) The positron lifetime values t;, t, and 3 and (b) their related intensities I, I, and
I; for as-grown Nb-TiO, films obtained in Ar, Ar-O, and Ar-H, plasmas

8.4.2 Structural vacancies in post-growth annealed films

After post-growth annealing in vacuum performed for Nb-TiO, films prepared in Ar-O, and Ar-H,
atmospheres, the S- and W-parameter curves were measured. The dependence of S parameter on positron
energy implantation E for both type of films are shown in Figure 8.16.

After annealing in vacuum, the Sy, values for the samples prepared in Ar-O, and Ar-H, atmospheres are
Sbuik=0.882 for Ar-O, plasma and S,=0.874 for Ar-H, plasma. The lower value for the sample prepared in
Ar-H, plasma indicates a lower number of open volumes in this film as compared to the film prepared in Ar-
O,.
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Figure 8.16 S-E curves for annealed Nb-TiO, films prepared in Ar, Ar-O, (20%0,)
and Ar-H, (20%H,) atmospheres, the solid lines represent a fit by VEPFIT

For the sample prepared with oxygen added in Ar plasma the Sy value is increasing after annealing in
vacuum, indicating more open volumes in the film. When hydrogen is used in Ar plasma during the
deposition of Nb-TiO,, after post-growth annealing in vacuum the S, value is decreasing, indicating less
open volumes in the film after annealing in vacuum.

The positron lifetime values 14, 1, and 13 and their related intensities 1y, I, and I3 were measured for a given
positron implantation energy corresponding to the bulk region (2-4 keV) in the post-growth annealed in
vacuum Nb-TiO, films. The obtained values are plotted in Figure 8.17.

Similar values for 1 lifetime were obtained after annealing in vacuum of Nb-TiO, films (298 ps in Ar

plasma, 322 ps in Ar-O, plasma and 300 ps in Ar-H, plasma), indicating the same nature of the defects in all

(a)
2200 (b)
T T T 100
2000 - 1 2 3 1 1 I
1 2 3
90 4
1800
1600 801
1400 - 704
L)
1200 XX 601
’U\) ~
S 1000 ? 50 -
e 7]
800 % 40
I=
600 —_ 30 4
400 4 204
200 4 I I I 104 I I I
0
0

)0, )0, 0, 0/
Ar 20%0, 20%H,  Ar  20%0, 20%H, Ar  20%0, 20%H, A 200, 20%H, Ar 20%0, 20%H, AT 20%0, 20%H,

Figure 8.17 (a) The positron lifetime values 13, t, and t3 and (b) their related intensities I, 1, and
I5 for post-growth annealed in vacuum Nb-TiO, films obtained in Ar, Ar-O, and Ar-H, plasmas
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the films. The corresponding intensity I, is increasing after annealing for both Nb-TiO, films prepared in Ar-
0O, and Ar-H, plasma (78% in Ar plasma, 87% in Ar-O, plasma and 84% in Ar-H, plasma), indicating an
increase in the number of oxygen vacancies (Figure 8.18 (a)), in agreement with the chemical formula
determined for these films (Tiy.11Nbg 210, for the film prepared in Ar-O, plasma and Tiy.q.3sNbg 4,0, for the
film prepared in Ar-H, plasma).

T, lifetime value is increasing after annealing in vacuum for Nb-TiO, film prepared in Ar-O, (451 ps in Ar
plasma and 519 ps in Ar-O, plasma) and the corresponding intensity I, is decreasing (from 21% in Ar plasma
to 12.5% in Ar-O, plasma). After annealing in vacuum, the XRD patterns reveal the mixed anatase-rutile
phases for the film prepared in Ar plasma and only the anatase phase for the film prepared in Ar-O, plasma.
When H, is added in Ar plasma, t, lifetime value is slightly increasing after annealing in vacuum for Nb-
TiO, film prepared in Ar-O, (451 ps in Ar plasma and 493 ps in Ar-H, plasma) and the corresponding
intensity I, is also decreasing (from 21% in Ar plasma to 15% in Ar-H, plasma). XRD measurements reveal
the anatase phase for this film. The decrease of I, is not correlated with the decrease in grain size (Figure
8.18 (b)).

In conclusion, after annealing in vacuum, both films prepared in Ar-O, and Ar-H, gas mixtures indicates
the same nature of defects in the films and an increased number of oxygen vacancies. More open volumes
were observed in the annealed Nb-TiO, film prepared in Ar-O, gas mixture, while in the film prepared in Ar-

H, gas mixture less open volumes were observed.
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Figure 8.18 (a) x and y in Ti;.xO,Nby and intensity 1, corresponding to lifetime t; and (b) Intensity
I, corresponding to lifetime t, and grain dimensions for post-growth annealed in vacuum Nb-TiO,
films prepared in various atmospheres (the lines are only to guide the eyes)
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8.5 S-W plot

To identify the different positron trapping sites, the correlation between S- and W-parameters for the
samples was also investigated. This plot can provide complementary information on the defects, and is
usually used to verify the change of defect species or the chemical surrounding of the defects. The S-

parameter versus W-parameter graph is shown in Figure 8.19.
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Figure 8.19 S-W plot for as-grown in various atmospheres and annealed
TiO, and Nb-TiO, films

All the data points for as-grown TiO, and Nb-TiO, films were concentrated on a straight line, together with
the annealed TiO, film prepared in Ar plasma and Nb-TiO, prepared in Ar-H, gas mixture. It can be
concluded that these films contain positron trapping defects of the same type. The same conclusion cannot
hold for the defects in TiO, and Nb-TiO, films grown in Ar-O, and Ar-H, plasma. Practically all the data
points for the films deposited in Ar-O, and Ar-H, and annealed deviate from the linear fit, while all the as-
grown films, whatever is the gas mixture used to create the plasma during deposition and the presence or
absence of Nb incorporated, are well aligned to the linear fit. As annealing is expected to free the originally
passivated vacancies from OH and H groups chemically bound or H,O and O, physisorbed molecules, this

could generate a variation of the electronic environment of these vacancies, as the plot indicates.
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8.6 Concluding remarks

The structural vacancies in TiO, films deposited in Ar, Ar-O, and Ar-H, gas mixtures were investigated.
When the film is deposited in Ar-O, gas mixture, less open volumes were detected as compared to the film
prepared in Ar plasma. In the case of the film deposited in Ar-H, gas mixture, also a decrease in the open
volume density was observed, but less than in the case of the film prepared in Ar-O,, most probably due to
the formation of Ti-OH bonds. After annealing in vacuum at 900°C, more open volumes were detected for
both films prepared in Ar-O, and Ar-H,. The lifetime values observed in the films prepared in Ar-O, and Ar-
H, gas mixtures were attributed to oxygen vacancies, while for the film prepared in Ar plasma were
attributed to vacancy-impurity complex. A passivation of the oxygen vacancies in the films prepared in Ar-
0O, and Ar-H, was observed. After annealing in vacuum at 900°C, the lifetime values variation indicates the
desorption of O, in the V-impurity complex for the film prepared in Ar and the formation of divacancies in
the films prepared in Ar-O, and Ar-H..

For the Nb-TiO, film deposited in Ar plasma, a higher open volume density, an increase in the relative
number of oxygen vacancies and a lower density of interface/grain boundary were observed comparing with
the TiO, film prepared in Ar plasma. After annealing in vacuum, no considerable changes in the open
volume density is observed and the number of oxygen vacancies is increasing, while the density of
interface/grain boundary is decreasing.

The structural analysis of the as-grown Nb-TiO, films prepared in Ar-O, gas mixture indicates less open
volumes and a smaller relative number of oxygen vacancies as compared to the as-grown Nb-TiO, film
prepared in Ar plasma, while the one prepared in Ar-H, plasma indicates more open volumes and a higher
number of oxygen vacancies. After annealing in vacuum, both films prepared in Ar-O, and Ar-H, gas
mixtures indicates the same nature of defects in the films and an increased number of oxygen vacancies.
More open volumes were observed in the annealed Nb-TiO, film prepared in Ar-O, gas mixture, while in the

film prepared in Ar-H, gas mixture less open volumes were observed.
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9. Doping of ZnO films deposited in
Ar-H Elasma bX intrinsic defects

The structural and physical properties of intrinsically-doped ZnO thin films deposited by RF sputtering
were studied. Pure-Ar and Ar-H, at various concentrations were used to grow the films on n-type Si (100)
wafers and glass without external heating. The plasma chemical species were followed by optical
emission spectroscopy (OES). X-ray photoelectron spectroscopy (XPS) and ATR-FTIR (Attenuated Total
Reflection Fourier-Transformed Infrared) spectroscopy were used to study the bulk and surface chemical
composition of the films, X-ray Diffraction (XRD) analysis allowed lattice structure and grain size
determination while samples morphology was checked with a scanning electron microscope (SEM). The
films were also characterized for their electrical and optical properties.
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9.1 Introduction

Unintentional levels of n-type conductivity in ZnO, historically attributed to native point defects like
interstitial zinc (Zn;), Zn-on-O antisite (Zno) and oxygen vacancies (Vo) [1], has recently been attributed to
extrinsic impurities, H in particular [2,3]. The realization that hydrogen can act as an electrically active
impurity in ZnO has significant consequences for device development. Understanding hydrogen
incorporation role in the determination of ZnO thin films properties becomes a crucial step for its application
as transparent conductive oxide (TCO).

Zinc oxide thin films were deposited by RF sputtering in Ar-H; plasma at different H, concentrations (0-
50%) from a pure ZnO target, without external heating. The influence of hydrogen addition in Ar plasma on
the oxide growth process and on its electrical properties was investigated.

9.2 Film growth rate in Ar-H, plasma

The growth rates were determined for ZnO films prepared in different Ar-H, atmospheres and are shown in
Figure 9.1. As can be observed, when H, is added in discharge, the growth rate is decreasing. The highest
value of growth rate was obtained in pure-Ar plasma (4.27+0.32 nm/min).
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Figure 9.1 Growth rates for ZnO films deposited in Ar-H,
atmospheres, at different concentrations of H, in Ar plasma
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9.3 Hydrogen effect on the film chemical composition

XPS measurements were performed for ZnO thin films prepared in Ar-H, atmosphere. A closer
examination of the Zn 2ps, and O 1s photoemission lines revealed that a contamination of the pure oxide
surface by hydroxyl-terminated Zn atoms develops when hydrogen is added to the sputtering gas.

Details of Zn 2p and O 1s core line deconvolution are showed in Figure 9.2. Zn 2ps, peak was fitted with
two components: the first located at 1021.4 eV corresponding to zinc bound to oxygen in the zinc oxide
lattice and the second, shifted by 1.1 eV towards high binding energies with respect to the first component,
attributed to zinc hydroxide, situated at 1022.6 eV [4,5]. As for the O 1s core line, the main component at
530.2 eV is attributed to oxygen linked to Zn in the zinc oxide lattice. The second component, placed at
531.2 eV, corresponds to oxygen in the zinc hydroxide contamination; finally components #3 and #4 at
higher BEs (532 eV and 532.6 eV respectively) are associated with either adsorbed molecular H,O or C-O
bondings like O-C-O or O=C-O [4,6].
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Figure 9.2 XPS core lines of Zn 2p,, and O 1s corresponding to ZnO thin film deposited in Ar-H,

The stoichiometry of ZnO films was investigated. In Figure 9.3 the O/Zn atomic ratio is plotted as a
function of the hydrogen quantity introduced in Ar plasma during the deposition of ZnO films. In pure-Ar
the O/Zn ratio is close to the stoichiometric value (0/Zn=0.96). The addition of H, in discharge leads to a
decrease until a value of O/Zn=0.66 for 3%H,. A minimum of O/Zn ratio is observed at 16%H, (0/Zn=0.57),
followed by an increase for further increase of H, content in discharge. Two regions were delimited in Figure
9.3 (named | and II) and further explanations on the stoichiometric ratio behavior with the hydrogen

concentration added in the gas mixture are given in the next sections of this chapter.
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Figure 9.3 O/Zn atomic ratio for ZnO films as a function of H, added in Ar plasma

9.4 Hydrogen effect on the film structural properties

XRD diffraction patterns performed for ZnO thin films prepared in Ar-H, atmosphere showed that all the
films crystallized in the characteristic hexagonal wirtzite type phase of ZnO, independently on the gas

mixture used in the sputtering process.
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Figure 9.4 Diffraction patterns of ZnO films deposited in pure Ar [a]
and in Ar-H; plasma (10% H) [b]
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Nevertheless, as can be seen from the X-ray Diffraction patterns presented in Figure 9.4, while samples
deposited in pure Ar plasma present a preferred orientation along the (002) axis, the ZnO films sputtered in
Ar-H, atmosphere exhibits multiple growth directions. Three distinct peaks appear at 20= 32.2°, 34.6° and
36.4° which correspond to (100), (002) and (001) directions of the hexagonal ZnO structure [6].

Films crystallinity is affected as well when hydrogen is introduced in discharge. Crystallites size values
(D), calculated according to the Scherrer’s equation, are plotted in Figure 9.5 showing that even little
hydrogen addition in the sputtering gas is sufficient to observe a decrease in the grains dimension. For the
film prepared in Ar plasma D ~ 16 nm, while for 3%H, added in Ar plasma D ~ 7 nm, without major

changes when increasing the hydrogen concentration in the gas mixture.
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Figure 9.5 Variation of the crystallites dimension versus the H,added in Ar plasma

The scanning electron images presented in Figure 9.6 closely reflect the above described structural
changes. Films deposited in pure Ar discharges show a rather rough surface with large grains. On the
contrary, a smoother surface profile is obtained when hydrogen is present in the gas mixture, with grains of

visibly reduced dimensions.

Figure 9.6 Top-view images of ZnO films deposited in Ar[a] and in Ar-H, plasma (10% H,) [b]
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9.5 Hydrogen effect on the plasma composition

Various plasma chemical species were monitored by Optical Emission Spectroscopy (OES) as a function
of the different hydrogen concentrations added in Ar plasma. In Figure 9.7 a typical spectrum acquired
during the sputtering of ZnO films in Ar-H, plasma is shown. We can observe in particular the emission
signals for Ar, OH, Zn(l) and H (spectral lines of the Balmer series Hg at 486.1 nm and H, at 656.5 nm) [7,8].
In Table 9.1 the identified spectral lines and bands are listed. Oxygen emission lines in its atomic or ionic
states have not been detected.

The emission line of Zn(l) at 481 nm showed only small intensity fluctuations when varying hydrogen
concentration in the plasma. On the contrary, significant variations in OH and H, signals were observed in
function of the Ar-H; ratio in the gas mixture, as can be seen from the Figure 9.8. The two lines present quite
an opposite trend. In particular, H, line intensity constantly increases with increasing hydrogen concentration
in Ar plasma, while OH signal reaches a maximum at 3%H; and then decreases. Two regions can be
identified in Figure 9.8 (named I and I1), similar to the graph corresponding to the stoichiometric ratio O/Zn.
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Figure 9.7 OES spectrum from RF sputtering discharge of a ZnO target in Ar-H, [10%]

Table 9.1 Identified OES spectral lines and bands in the deposition plasma of ZnO

Species A (nm) Transition
H 656.3 3d-2p He,
486.1 4d-2p Hg
8115 4p-4s
Ar 750.4 4p’-4s’
Zn 481.05  4s4p3P,-5s3S;  Zn(l)
OH 306 A% — X1

-187 -



9. Doping of ZnO films deposited in Ar-H, plasma by intrinsic defects

12000

10500 /
—0—H_emission line

9000 - ao

—&— OH emission line

emission intensity [a.u.]
7

20 30 40 50

H, content in the gas mixture [%]

Figure 9.8 OH and H, lines intensities variation as a function of H, in Ar-H, plasma

The detection of OH signal in pure-Ar plasma is normally attributed to water vapor present in the plasma,
coming mainly from the reactor walls. On the other hand, such OH source cannot account for the above
described trend, which is actually a sign of more complex reactions involved in the sputtering process in the
presence of hydrogen.

An explanation can be drawn on the base of the results of a recent investigation on RF Ar-H, glow
discharges performed in the same experimental conditions by Laidani et al. [9]. They got evidences that a
pure physical sputtering of an unaltered target is not representative of the process in most of the Ar-H,
plasmas. With hydrogen addition to an Ar discharge new ions are likely to be created, besides Ar*: ArH" and
hydrogenic ions such as H,", Hs" and H*. While Ar" density was found to decrease as a function of H,
addition to the plasma, as one could expect, that of ArH" rises sharply to a maximum for very low
concentrations of H, (only 3%), and then decreases like Ar®. The effect on the sputtering process is
substantial. In particular it was proved that the sputtering of the target in the 3-16% H, range is mainly driven
by ArH" ions which determine a reduction of the cathode: the process can be defined in this case as a
reactive sputtering. For higher hydrogen concentration the discharge is characterized on the contrary by high
density of hydrogenic ions which do not provoke a chemical composition change in the target but provide
chemical assistance at the sputtering process by Ar* ions.

The above explained model fits with the observed trends of the discharge species, as shown in Figure 9.8.
At low hydrogen concentrations in fact, ArH" ions can lead to a reduction of the ZnO target through oxygen
atoms displacement in the form of OH species. As a consequence the OH line emission intensity is found to
sharply increase. On the other hand, when hydrogen is added in higher concentration in the gas mixture
(above 16%) the sputtering process becomes gradually driven by Ar® ions. This causes the observed

reduction of the OH line signal.
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9.6 Hydrogen effect on the film electrical properties

The conductivity of ZnO thin films was measured by a four-point probe. In Figure 9.9 the evolution as a
function of the hydrogen content in Ar plasma is shown. A pronounced change in the films electrical
behaviour with increasing H addition is evident from data shown in the plot. In particular, films deposited in
pure Ar and with low H, concentration in the plasma were found to be perfectly insulating. Measurable
conductivity values were on the other hand obtained when hydrogen percentage exceeded the 6%. Above
this concentration threshold ZnO conductivity increases, entering the values range typical of metallic

materials.
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Figure 9.9 ZnO films conductivity variation in function of
hydrogen concentration in the gas mixture

In Figure 9.10 the obtained conductivity was plotted as a function of the OH and H, emission intensities.
This allows us to describe the ZnO films electrical behavior with respect to the sputtering process variations

induced by H addition in the plasma.
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Figure 9.10 ZnO films conductivity variation versus OES H,, (a) and OH (b) signal intensity
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As can be seen, an inverse dependence of films conductivity on the OH and H, plasma species was
obtained. In particular, the conductivity enhancement scales with the increase in the atomic hydrogen signal.
An opposite trend is found versus OH signal variation. In other words, ZnO films conductivity appears to be
related to the increase of atomic hydrogen radicals formed in the plasma as a consequence of hydrogen
addition in the gas mixture.

A correlation was found between conductivity of ZnO films and the chemical structure. ZnO
contamination by OH species was measured with XPS and IR spectroscopy. An example of a FTIR spectra

corresponding to C—H and O-H stretching bands measured on ZnO films is shown in Figure 9.11.
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Figure 9.11 FTIR spectra corresponding to C-H and O-H
stretching bands measured on ZnO films

In Figure 9.12 (a) the conductivity is plotted versus the amount of Zn involved in Zn-OH bonds, derived by
the deconvolution of XPS Zn 2p core line and in Figure 9.12 (b), the conductivity is drawn versus the
estimated amount of hydrogen involved in OH bonds in the films, as derived from IR OH band integration.
In both cases a correspondence is found between the development of hydroxyl groups and the improvement
of the electrical properties of the films.
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Figure 9.12 ZnO films conductivity as a function of the percentage of Zn involved in OH bonds, determined
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from XPS data [a] and as a function of the OH band integrated area from ATR-FTIR [b]
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If we consider this result in combination with what obtained from OES (Figure 9.8), a conclusion can be
drawn: the electrical conductivity, which is observed in ZnO films for H,>6%, finds a correlation with
intentional hydrogen incorporation in the crystal structure, possibly in the form of hydroxide species. The
real nature of the electrically active defects induced in ZnO structure through OH bond formation is still

under investigation.

9.7 Hydrogen effect on the film optical properties

A high level of transparency of the films is maintained when hydrogen is added in Ar plasma. In Figure
9.13 the transmittance and absorption coefficient spectra for ZnO films prepared in pure-Ar and when
10%H, is added in discharge is shown. A transmittance value of ~80% in the visible region is observed for
both ZnO films.
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Figure 9.13 (a) Transmittance and (b) absorption coefficient for ZnO thin films
prepared in pure-Ar and Ar-H, atmosphere (10%H,)

The band gap of ZnO films prepared in pure-Ar and the one prepared with 10%H, added in Ar plasma was

determined from the Tauc plot and the corresponding values are 3.08 eV and 3.11 eV respectively.
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9.8 Concluding remarks

By combining XPS, ATR-FTIR and OES data correlations were established between conductivity and its
variations with intentional hydrogen incorporation in the crystal structure, detected in the form of hydroxide
species.

Optical emission spectroscopy offered a valuable and helpful tool for discerning the alterations in the
discharge reactions resulting from different H,/Ar ratios in the gas mixture. Marked structural and chemical
modifications were observed in the films, together with a pronounced change in their electrical behaviour

which become conductive for H, > 6%. The films transparency was on the other hand maintained.
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10. Concluding remarks and Eersgectives

The aim of the work presented in this thesis was a study of the doping processes of thin oxide films, TiO,
and ZnO, two cheap, chemically stable and non-toxic materials. Two main objectives were pursued in this
work: (i) the optimization of the film deposition and doping conditions for a potential replacement of indium
tin oxide (ITO) and (ii) the understanding of the factors dominating the doping process as well as the
limitations of the latter.

The approach was to explore three doping methods of the films: intrinsic doping, extrinsic doping and,
with the aim to combine the benefits of both, intrinsic-extrinsic co-doping. Since the structural defects (such
as oxygen vacancies) are at the basis of the intrinsic doping, a control of their formation was searched
through the variation of the film growth process conditions. Niobium was selected for the extrinsic doping
of the TiO, films.

The first step was the study of TiO, films deposited in Ar-O, and Ar-H,, in order to understand the
limitations of doping by intrinsic defects. A control over the intrinsic defects by changing the parameters
(oxygen and hydrogen concentration in the gas mixture, cathode self-bias voltage) during the deposition or
by post-growth annealing in vacuum treatment was searched. Doping with intrinsic defects of TiO, films
gave high values of conductivity, but not enough to allow the use of these films as replacement of ITO as a
transparent conductor. The best intrinsically-doped films in terms of optical and electrical properties were
TiO, films deposited in Ar-O, gas mixture.

Another low-cost material investigated as possible candidate for replacing ITO was zinc oxide (ZnO). A
first step was to investigate the mechanisms behind the hydrogen incorporation in ZnO structure. A first
conclusion from this study is that hydrogen inclusion in the gas mixture leads to an increase in the
conductivity values, but the intrinsic doping of these films is not enough for obtaining electrical properties
similar to the one of ITO.

The second step was to understand the mechanisms behind the extrinsic doping of TiO, by niobium, by
varying different parameters in the deposition of the films like the concentration of Nb or the cathode self-
bias voltage. Higher conductivity values were obtained for extrinsic-doped TiO, films in comparison with
the un-doped TiO, films prepared in Ar-O, gas mixture. The best performance in terms of optical
transparency and conductivity, which raised the films at ITO level, was obtained for a narrow concentration
range of Nb. All Nb concentrations above 2.3 at.% were ineffective in doping. From this study it was
understood that well-doped films (high carrier density) means also an anatase-to-rutile transformation
“inhibited”. In the films of this thesis, when the anatase-to-rutile transformation occurs, it was accompanied
by reduced crystallite sizes, which leads also to a reduction of carrier mobility in these films. It was also
observed that Nb doping increased the vacancies in the films, most likely due to a charge compensation

effect.
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In order to combine the benefits of both intrinsic and extrinsic doping of TiO, to obtain higher performance
films, a third approach was adopted in the deposition: TiO, and Nb co-sputtering in Ar-O, and Ar-H, gas
mixtures. However and contrarily to the expectations, no effective Nb-doping effect on the electrical
properties of the films prepared with such processes was found. Even if the conductivity values were high,
they keep far from the ITO value. The doping efficiency loss in TiO,-Nb films grown in Ar-O, and Ar-H,
plasmas are attributed to: (i) a conductivity loss due primarily to an unvaried carrier density (only a very
limited increase was obtained with Nb incorporation in the case of Ar-O, gas mixtures and no effect at all
was obtained in the case of Ar-H, gas mixture, while in the films prepared in Ar plasma, nearly four orders
of magnitude improvement brought about by Nb was observed) and (ii) the structure distortion introduced by
the presence of defects like oxygen vacancies or Ti-OH and/or Ti-H bonds expected to influence the
incorporation of Nb or the carrier trapping.

In view of their application in transparent charge collectors (electrodes), the studied materials were also
characterized for their work function. It was evidenced that, if the processes in Ar-O, and Ar-H, to grow the
films were ineffective or limiting for any doping effect enhancement of TiO,-Nb films, nonetheless they
provided a method for a better control of the work function of the materials. In particular, the Ar-O, plasma
allowed to obtain high values, useful properties for application as electrode material for next generation
photovoltaics. A combination of different processes aiming first to obtain the TCO performance and high
work function can be envisaged to reach the conductive transparency of ITO and even to exceed its work
function property.

In conclusion, the results in this thesis demonstrate that RF sputtering, a suitable technique for coating in
large area substrates and easily transferred in industry, allowed to obtain transparent and conductive titanium
oxide films. Process conditions were properly defined to obtain a figure of merit close to that of commercial
ITO. This work helped a better understanding of the factors determining the strength and the limitations of
the processes underlying the creation of the high conductivity, still keeping low optical absorption in visible.
On the other hand, the usefulness of many characterization techniques, such as XPS and PAS, is evidenced
and the joint use of different techniques of analysis proved to be powerful in providing important and
complete information about the material structure and its influence on the film performance.

The results suggest many routes to get further improvement of the electrical and optical performance of the
oxides. Doping levels equivalent to the ones obtained in this thesis or even higher should be searched at low
temperatures, this would extend the application of these materials as transparent electrodes or charge
collectors also on heat-sensitive substrates, such as flexible polymers and textiles. Further, the double effect
of Nb as (i) dopant enhancing the carrier density and (ii) worsening factor of crystallinity and thus carrier
mobility (reducing crystallite size) should be carefully investigated in order to overcome the contrasting
influence on electrical conductivity. The range of energetic conditions during the film deposition should be
extended, in order to efficiently modify the atomic mobility and to control the crystallinity from which

depends the carrier mobility, without sacrifying optical transparency.
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