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1 Motivation

Transparent conductive oxides (TCOs) are crucial for modern optoelectronic applications
[1, 2]. They combine transparency in the visible range of light (VIS) and a high conductiv-
ity due to a large optical band gap and the Fermi level being positioned in the conduction
band, respectively [3]. Transparent electrodes for displays and solar cells, heating or anti-
static layers [4, 5] as well as gas sensors [6, 7] are examples for their utilization. Increasing
device size and field of application demand for ongoing research and optimization of the
already known materials [8].

In2O3 based thin films are of major technological relevance [8]. The addition of tetrava-
lent doping elements as Sn, Zr, Ge, Ti and Mo is used to improve its electronic properties
[5, 9–11]. Sn doped In2O3, for example, is the most commonly used TCO in the flat panel
and organic light emitting diode industry [12]. High Sn concentrations, generating up to
1021 cm−3 free carriers, are necessary to achieve the highest conductivities [13]. On the
other hand a high carrier concentration n leads to strong reflectivity in the near infra-red
(NIR), being disadvantageous for the application in e.g. solar cells [14]. Films with similar
electronic properties as Sn:In2O3 but a plasmon absorption shifted to higher wavelength
require high mobilities µ [15]. This demand can be met by In2O3 doped with e.g. Zr, Mo
or Ti [5, 14, 16]. The correlation between optical and electronic properties of a high-n and
a high-µ, i.e. Sn:In2O3 and Ti:In2O3 thin film is shown in Fig. 1.1. Transmission and reflec-
tion spectra are shown on the left, Hall mobility µHall and Hall carrier concentration nHall
on the right. Both films have a similar conductivity of σ = 5× 103 Scm−3 but significantly
differ in the transparency window.

As for other semiconducting materials, the concentration of free carriers in In2O3 de-
pends on intrinsic and extrinsic donor or acceptor defects [3, 19, 20]. Defect chemistry
therefore is essential for its electronic and optical properties. Oxygen vacancies V••O , oxy-
gen interstitials Oi

′′, indium vacancies V′′′In and substitutional defects as Sn•In are commonly
considered [3, 21–23]. The formation energy of latter defects, being dependent on the
chemical potential of the constituents and electrons is decisive for the equilibrium defect
concentration and the electronic and optical transition energies [19, 22, 24]. The phys-
ical properties of In2O3 thin films hence are strongly affected by the dopant element, its
concentration and the deposition conditions.

In contrast to the carrier concentration, the carrier mobility is not directly connected to
the defect chemistry. It therefore was assumed a constant which, however, recently was
shown to be a misbelief [15, 17, 25]. µ is affected by scattering at ionized impurities, polar
optical phonons and grain boundaries. Since each mechanism is dominant over a specific
range in carrier concentration, the mobility is a function of n. A model describing µ (n)
for single crystalline In2O3 and Sn:In2O3 fits well to experimental results except for carrier
concentrations close to 2× 1020 cm−3 [17]. Depending on the dopant element the model
significantly underestimates experimentally obtained mobilities [15]. The reasons for the
latter observation are not known yet. Similarly doping efficiency as well as the impact of
the dopant on the mobility are still subject of ongoing research [14, 16, 26]. Segregation
of the dopant to the surface and grain boundaries is expected to be decisive [15].
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Figure 1.1: Comparison of optical and electronic properties of Sn:In2O3 and Ti:In2O3 thin
films with a dopant concentration of either 10 wt% or 2 mol% respectively. Transmission
(solid lines) and reflection (dashed lines) are presented on the left while Hall mobility is
plotted over Hall carrier concentration on the right. The gray markers represent other
doped and undoped In2O3 samples. The solid black line indicates the theoretical mobility
limit, calculated for Sn:In2O3 single crystals [17]. In addition to the optical measurements a
spectrum of the solar spectral irradiance is shown (SSI) [18]. Both films have a similar con-
ductivity of about 5000 Scm-1, either due to a very high mobility or carrier concentration.
The latter two significantly affect the transmittance window of the films.

Besides the demands on conductivity and transparency, carrier injection and extraction
are essential for device performance [27]. Latter are determined by the surface potentials
as work function φ and ionization potential IP [28–31]. Deposition condition, surface
treatment and dopants are known to affect those properties [32, 33].

For polar materials as In2O3 a correlation between surface potentials and the surface
orientation or termination is expected [7, 34]. A relationship between latter properties
was recently reported for epitaxial In2O3 and textured Sn:In2O3 films [29, 33]. Besides
surface termination and structure a significant dopant dependence is found [7, 32, 35].
Dopant segregation and potentially even the formation of a dopant oxide layer at the
surface is assumed to be an important factor [35].

It becomes clear that most of the relevant properties of doped and undoped In2O3 are
strongly intertwined and defect chemistry is crucial in this context. There are a number of
articles correlating theoretical approaches to the defect chemistry and experimental results
[7, 19, 22, 24, 26, 36]. A number of questions, concerning e.g. the mobility limit, dop-
ing limit and segregation behavior of different dopants, nevertheless remain unanswered.
Objective of this work is to extend the experimental data base for doped In2O3 to pro-
vide a better understanding of this material and especially the effect of different dopant
elements.
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This work queues in a series of PhD thesis related to doped and undoped In2O3, car-
ried out in the electronic structure of materials group, Technische Universität Darmstadt
[37–40]. The surface electronic structure and potentials of sputtered In2O3 and Sn:In2O3
thin films, in dependence on deposition conditions, surface treatment and crystallographic
orientation were intensively studied. Investigations on oxygen exchange, defect chemistry
and the correlation between carrier concentration and mobility were carried out. Besides
unintentionally and Sn doped In2O3 thin films, Zr and H were analyzed as dopants.

A correlation between Fermi energy and the surface dopant concentration could be
shown for Sn:In2O3 [15, 41]. The determination of grain boundary barrier heights of
doped and undoped In2O3 showed highest values for Sn:In2O3. Tin segregation to sur-
faces and grain boundaries as well as the crystallographic orientation of the latter was
made responsible for those observation. Several open questions concerning the influence
of the dopant element remain open which are the starting point for this work. Previ-
ous research is pursued by investigating Sn:In2O3, Ge:In2O3, Mo:In2O3 and Ti:In2O3 thin
films.

The influence of the film texture on Sn:In2O3 surface potentials and the Hall mobility
was analyzed by growing epitaxial and highly textured films. In an attempt to tailor φ
and IP, self assembling monolayers (SAMs) of organic molecules were grown on differ-
ently treated Sn:In2O3 surfaces. The effect on surface potentials and the stability of the
molecules was investigated. Even though, Sn:In2O3 films of different orientation or tex-
ture could be grown, no systematic correlation between orientation and mobility or surface
potentials was found. Latter observation on the surface potentials is mainly related to the
fact that (100) oriented films show (111) facets. Dopant segregation is expected to play
an important role as well. Adsorption of thermally evaporated 4-(Dimethylamino)benzoic
acid proved to be a self-limiting process as expected for the formation of a SAM. After ad-
sorption a significant reduction in the work function down to 2.82 eV could be measured.
Latter results can be found in [27].

To establish a broader base for understanding the fundamental properties of doped
In2O3, the influence of other donor dopants is investigated by systematically analyzing
Ge:In2O3, Mo:In2O3 and Ti:In2O3. Thin films were grown by radio frequency magnetron
sputtering. Multiple target compositions and deposition conditions, i.e. substrate temper-
ature and oxygen content of the process atmosphere, were used. Transmission, reflection
and spectroscopic ellipsometry measurements were carried out to distinguish optical prop-
erties. By simulation of those spectra optical carrier concentration and mobility could be
compared to values obtained by conductivity and Hall-effect measurements. Photoelectron
spectroscopy was used to access the surface electronic structure and its chemical composi-
tion. To correlate the crystal structure to former features selected samples were analyzed
by X-ray diffraction.

Independent on the dopant element a decreasing carrier concentration is found with
increasing oxygen chemical potential. This indicates interstitial oxygen to act as compen-
sating defect. The conductivity tends to increase with temperature. Depending on the
dopant and its concentration a complete loss of the carrier mobility may be found at high
deposition temperatures. The carrier mobility and overall doping efficiency, going with the
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maximum carrier concentration, is highly dopant specific. The mobility is determined by
the grain boundary barrier height, which is mainly influenced by dopant segregation. Sev-
eral effects, possibly limiting the carrier concentration are discussed. Dopant segregation
at the surface is found for almost all investigated materials. Depending on the element
either oxidizing or reducing conditions lead to enhanced segregation. While Ti behaves
similar to Sn, increasing Ge and Mo surface concentrations are measured for oxidizing
conditions. No correlation to the Fermi level is found in those two cases. Possible reasons
for the contrasting conditions based on defect chemistry, oxide stability and ionic radii
are discussed. Surface potentials were found to be subject to the doping elements. The
wide variety in surface dipole is expected to be due to the formation of dopant oxide lay-
ers. A correlation to the surface termination and orientation as seen for In2O3 cannot be
confirmed for any dopant element.

This thesis is structured into eight chapters. This general motivation is followed by
establishing a scientific basis. Fundamental properties of doped and undoped In2O3, as
well as the methodology and experimental procedures employed here are introduced. The
experimental data for Mo:In2O3 and Ti:In2O3 thin films is presented afterwards. Details on
Ge:In2O3 will not be reproduced here, since it was studied by Hoyer in the framework of a
master thesis and already published [35]. Before concluding and giving a future outlook,
observations made for Mo:In2O3, Ti:In2O3 and Mo:In2O3 will be discussed by setting them
into context with previously obtained results on other dopants.
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2 Indium Oxide

2.1 Crystal Structure

In2O3 exhibits three different crystal structures, two body centered cubic and one or-
thorhombic structure depending on temperature and pressure [23, 42]. It is present in
the bixbyite structure, i.e. in a body centered cubic lattice described by the space group
I3ā under normal conditions. The bixbyite structure is isostructural to the C-type rare
earth structure and closely related to the fluorite structure. This means it is composed of
a distorted fluorite lattice with only three quarters of all anion sites occupied [23, 42, 43].
One unit cell contains 80 atoms and has a lattice parameter of 1.0117nm [20, 43, 44].

Figure 2.1: Excerpt of an In2O3 unit cell showing both Indium sites (light and dark gray)
and their coordination to the nearest oxygen atoms (red). Structural oxygen vacancies, i.e.
oxygen sites, which would be occupied in the fluorite structure but are not occupied in the
bixbyite structure are shown in blue. Black lines emphasize the distorted cubes made of
anion and anion vacancies surrounding each cation.

A section of the In2O3 structure is shown in Fig. 2.1. The cations are distributed on the
8b and on the 24d Wyckoff positions, which are structurally different cation sites [20].
The 48 oxygen anions are found on the e positions. Structural oxygen vacancies on the
16c positions, i.e. anion sites which would be occupied in a fluorite lattice, are indicated
as well. Indium atoms are positioned in the centers of distorted octahedra made of oxygen
ions or distorted cubes when occupied and unoccupied oxygen sites are considered. Two
nonequivalent sites for the Indium atoms exist due to different oxygen vacancy locations.
One with the two structural oxygen vacancies lying on the opposite corners of the bodydi-
agonal and the other with them on the facediagonal of the coordination cube [20, 43]. All
oxygen ions are fourfold coordinated by Indium.

The 16c positions which are not occupied by oxygen atoms, i.e. the structural oxygen va-
cancies, are locations for oxygen interstitials and therefore important for the defect chem-
istry in doped In2O3[20].
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2.2 Electronic Structure

The requirements on the band gap of a transparent conductive material are conflicting. A
high transparency in the visible range demands a large band gap (> 3 eV) while a high
carrier concentration, as necessary for a good conductivity, asks for a low band gap [45].
Doped and undoped In2O3 combine a high transparency and good conductivity. Regardless
on the scientific interest and its technological importance, the nature of its band gap has
been resolved only recently [46]. Early investigations on In2O3 reported the onset of a
strong optical absorption around 3.75eV and a much weaker one at about 2.6eV [47].
This implies, that the valence band maximum and conduction band minimum are not
positioned at the same k and In2O3 is an indirect semiconductor [43, 48]. The latter
explanation was accepted for a long time but is under revision in more recent articles.

Several publications combining density functional theory calculations and different ex-
perimental methods, refrain from the earlier hypothesis but fail to give a non-ambiguous
explanation for optical transitions starting from two significantly different photon energies.
Consent is that the conduction band minimum is positioned at the Γ point in the Brillouin
zone and the next conduction band state occurs at a significantly higher energy due to
the strong ionic character of In2O3 [6, 42, 45, 46, 49, 50]. No unison answer is given
considering the position of the valence band maximum. Some authors propose the VBM
to be positioned slightly above (≈ 50meV) the highest valence band at the Γ point and
therefore refer to an indirect fundamental band gap [6, 42, 49, 51]. This small energetic
difference, however, fails to explain the approximately 1eV offset in optical absorption
onsets. A strong upward dispersion at the Γ point would be required [52] which is clearly
in contrast to the latter observations.

Other authors report a direct band gap [45, 46, 50, 53]. It is suggested that direct
optical transitions from the valence band maximum to the conduction band minimum
at the Γ point are parity (selection rule) forbidden. The first strong optical transition
can occur only from 0.81eV below the valence band maximum, leading to a significant
difference between the fundamental and the optical band gap of this films. Details of this
model will be discussed in the following.

A band diagram for In2O3, based on density functional calculations carried out by Walsh
et al. [46], is shown in Fig. 2.2 on the left. A direct band gap with the VBM and CBM posi-
tioned at the Γ point is found. The state at the Γ point of the conduction band minimum is
made up of In 5s and O 2s orbitals, while the valence band maximum is derived from In 4d
and O 2p. Both have an even parity [45, 46, 54]. Since the bixbyite structure contains
an inversion center it possesses an uneven electric-dipole operator. Optical transitions be-
tween two states of even parity and therefore between the valence band maximum and
conduction band minimum are forbidden. The first band of odd parity and with a non-
negligible matrix element at Γ (Γ8) is positioned 0.81eV [46] or 0.71 eV [45] below the
valence band maximum. A discrepancy of the optical and fundamental band gap by the
latter value is therefore expected. Local symmetry breaking can result in weak transitions
below the optical band gap though [54]. These transitions are observable for In2O3 single
crystals [47, 49] but not for thin films due to the low transition probability [51].
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Figure 2.2: Band structure (left) and densitiy of states of In2O3 based on DFT calculations
(right) [46, 52]. Conduction band minimum and highest valence band allowing for direct
optical transitions are indicated in green.

DFT calculations using the local density approximation (LDA) or general gradient ap-
proximation (GGA) usually significantly underestimate band gaps [6, 22, 42, 45, 46, 52].
Walsh et al. [46] therefore corrected their calculations by matching the empirically and
computationally found optical band gaps, i.e. by shifting the conduction band minimum to
higher values. This results in a reasonable agreement between the calculated fundamen-
tal band gap of 2.89 eV and the experimentally found upper limit for In2O3 of 2.9. eV. A
corresponding value of 2.93± 0.15 eV is reported elsewhere [51].

Experimental studies using photoelectron spectroscopy (PES), X-ray emission and X-
ray absorption were employed to give prove for the calculated electronic structure[51–
53]. PES measurements probe the whole Brillouin zone and therefore provide information
about the total valence band density of states [51, 52]. By utilizing different photon
energies a variation in the photoionization cross-sections allows to distinguish the orbitals
which are involved in the formation of the valence band. X-ray absorption and oxygen K-
shell X-ray emission have proven to be suitable tools to investigate the O 2p partial density
of states [53].

The total and partial density of states for In2O3 are shown on the right of Fig. 2.2
[46, 51–53, 55]. The top of the valence band is dominated by O 2p orbitals with little
intermixing of In 4d, while the bottom is dominated by O 2p and In 5s orbitals. The
features in the center of the valence band are mostly derived from O 2p and In 5p states.
While in the given figure a mixture of In 5s and O 2p gives rise to the conduction band
minimum others report O 2s and In 5s interaction to be dominating [45, 56].
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2.3 Intrinsic Defects

Already the earliest studies found that electronic and optical properties of unintentionally
doped In2O3 are strongly influenced by the oxygen partial pressure of the surrounding
atmosphere at elevated temperatures [47, 57, 58]. In2O3 is indeed a non stoichiometric
compound with a ratio of In/O larger than 2/3 under various conditions [59]. As a result
it is an n-type semiconductor [9, 21, 57–59].

oxygen vacancies V••O are the majority defects in In2O3. The defect chemistry for its
generation can be described by the following equation [23, 59]:

2Inx
In + 3Ox

O� 2Inx
In + 3V••O + 6e′ +

3
2

O2 (2.1)

From the latter equation it can be seen that by the formation of one oxygen vacancy
two free electrons are required to account for the charge neutrality. The free energy for
the formation of oxygen vacancies in post-transition metal oxides is rather small [56].
This can explain the high oxygen vacancy concentrations even under equilibrium growth
conditions, which make high carrier concentrations of 1017 − 1019 cm−1 possible [56].

The Mott criterion can be used to distinguish between non-degenerate and degenerate
electron concentrations [17].

nnon−degenerate <

�

0.26aBm∗

meεr

�3

< ndegenerate (2.2)

With aB is the hydrogen Bohr radius, m∗ the effective electron mass and εr the low fre-
quency dielectric permittivity. For doped and undoped In2O3, i.e. εr = 9 and m∗ = 0.3me
the Mott transition is found to be at 5.5 × 1018 cm−3 [17]. This shows that In2O3 is for
most preparation conditions degenerate considering common carrier concentrations.

2.4 Doped Indiumoxide

Extensive research on improving the electronic and optical properties of In2O3 by doping
with various elements was carried out. Mainly tetravalent elements were investigated.
While a high carrier concentration commonly is beneficial for a high conductivity it as well
affects the optical properties.

The carrier concentration depends on the nominal dopant concentration as well as on
the dopant element itself. Maximum carrier concentrations nmax obtained for differently
doped In2O3 thin films plotted over the nominal carrier concentration nnom, i.e. n cal-
culated for a doping efficiency of 100%, are shown in Fig. 2.3. nmax was taken from
conductivity and Hall-effect measurements carried out by members of the surface science
or electronic structure of materials group at Technische Universität Darmstadt. The nomi-
nal carrier concentration was determined based on the dopant concentration in the sputter
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target as specified by the manufacturer. Values for the nominal doping and resulting carrier
concentrations are given in Tab. 9.2.
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Figure 2.3: Maximum Hall carrier concentration nmax of differently doped In2O3 thin films
plotted over the nominal carrier concentration nnom. Latter was calculated based on the
dopant concentration in the sputter targets.

The black line in Fig. 2.3 passes through the origin and has a slope of one. It therefore
represents a doping efficiency of 100%, i.e. each donor leads to one free electron. For
low doping concentrations a high doping efficiency is found independent on the dopant
element. Increasing dopant concentration leads to an increasing deviation. Unmatched
carrier concentrations and overall highest conductivities are obtained for 10 % Sn:In2O3,
which is the reason for it being the TCO of highest technological importance.

The influence of doping and its limitations for In2O3 will be presented in the following
section. Even if Sn:In2O3 is not the material of main concern in this work, an extensive
analysis of its properties will be carried out. It is taken as model TCO due to the broad
abundance of literature and research articles.

Doped In2O3 still exhibits a bixbyite structure independent on the dopant element
[5, 16, 43, 60–65]. Mössbauer spectroscopy on Sn:In2O3 indicates that the Sn ions oc-
cupy the b, i.e. the less distorted octahedra sites [61]. Combined neutron and x-ray
diffraction measurements confirm that Sn can be found on indium sites [20]. Dopant
ions will be mainly incorporated as substitutional defects below a critical concentration.
Due to dissimilar effective ionic radii ri,e f f of the native and dopant cation, a variation of
the lattice constant is plausible. The effective ionic radii of cations relevant in this work
are listed in Tab. 2.1. It can be seen that the potential dopant ions are smaller in size
as In3+. According to Vegard’s law, a decreasing lattice parameters should be expected
[61, 66]. The majority of publications, however, find an increasing lattice constant with
dopant concentration. The incorporation of dopant cations as interstitials, being a possible
explanation for increasing lattice constants, can be neglected. Frank et al. [21] proposed
stronger repulsive forces between the Sn4+ ions as possible explanation. Later it will be
shown that an increasing donor concentration results in an increasing oxygen interstitial
concentration [67], which will also contribute to larger lattice constants.
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Table 2.1: Effective radii of sixfold coordinated ions [68].
Ion ri,e f f in nm
In3+ 0.08
Sn4+ 0.069
Zr4+ 0.078
Ge4+ 0.053
Mo4+ 0.065
Mo6+ 0.059
Ti4+ 0.061

While oxygen vacancies are the majority defects in undoped In2O3, substitutional dopant
ions take over in doped In2O3[21]. In an ideal case one free charge carrier is generated
for each tetravalent atom on an indium site [43]. The doping efficiency of Sn in Sn:In2O3
was found to depend on its concentration. Up to 4− 6 at% each Sn atom is positioned on
an indium site forming Sn•In. One free electron is generated per dopant atom [21, 69].
The oxygen vacancy concentration can be neglected, since the majority of free electrons
are generated by Sn doping [21]. A lower doping efficiency is observed for higher Sn con-
tents, indicating the formation of compensating defects [48]. A more detailed discussion
concerning the defect chemistry will be carried out later.

The carrier concentration of Sn:In2O3 thin films deposited by sputter deposition can be
varied between 1018 cm−3 to 1021 cm−3 by adjusting the oxygen partial pressure during
deposition [13]. Conductivities of 104 Scm−1 and carrier concentrations of 1.5×1021 cm−3

can be achieved [21, 69].

2.4.1 Defect Structure in ITO

The defect structure of a semiconducting material is ultimately responsible for its car-
rier concentration and mobility. Having a look how external parameters influence the
latter features can therefore help to identify possible defects. The carrier concentra-
tion in Sn:In2O3 initially increases with increasing dopant concentration [61]. Oxidiz-
ing conditions lead to a decreasing carrier concentration independent on the Sn content
[13, 21, 61, 69]. Defects due to the dopant itself, as well as oxygen related ones therefore
are decisive in the case of Sn:In2O3.

As discussed in Sec. 2.4, Sn is found on the b cation sites. Since Sn is stable in both the
2+ and the 4+ oxidation state, it could hypothetically act as donor or as acceptor. Möss-
bauer spectroscopy could show, however, that the oxidation state of Sn is 4+ independent
on its concentration [20, 48, 61, 70, 71]. Therefore it is always a donor.

V••O being the majority defect and donor in In2O3, usually is of minor importance in
Sn:In2O3 except for very low Sn concentrations or oxygen partial pressures. Compensat-
ing defects could either be In vacancies or oxygen interstitials. X-ray diffraction studies
showed that the formation of V′′′In is rather unlikely and O′′i are the most probable charge
compensating defects [21]. The oxygen interstitials will be found on the "structural oxygen
vacancies", i.e. the c lattice sites.

14



Frank et al. [21] carried out an in depth analysis of the defect chemistry in Sn:In2O3
depending on oxidation state and dopant concentration. The following defects were pro-
posed to dominate in Sn:In2O3: (1) Sn•In singly charged donors; (2) V••O doubly charged
donors; (3) (2Sn•InOi

′′)x loosely bound, neutral defect associates consisting of one intersti-
tial oxygen on the c site and two Sn•In, which are not nearest neighbors; (4) (Sn2O4)x and
(5) ((2Sn·InO

′′

i )(Sn2O4))x strongly bound neutral defect associates.

Brouwer diagrams are used to display the logarithm of the defect concentration versus
the logarithm of the oxygen partial pressure or dopant concentration. Fig. 2.4 shows such
diagrams for Sn:In2O3 based on a simplified model, i.e. neglecting the defects (4) and (5)
[67], as compared to the one proposed by Frank et al. [21]. Three regions are found in
which different defects dominate the carrier concentration.
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Figure 2.4: Brouwer-diagrams for Sn:In2O3 (according to [67]). The logarithm of carrier
and defect concentration plotted over the logarithm of either the oxygen partial pressure
(top) or Sn concentration (bottom).

At low oxygen pressures and tin contents, n is defined by the oxygen vacancy concen-
tration: n = 2[V••O ]∝ pO−1/6

2 . At intermediate oxygen partial pressures and tin concen-
trations, V••O and neutral defect associates are minority species and n is proportional to the
dopant concentration: n = [Sn•In] ∝ pO0

2, [Sn]1. For high oxygen partial pressures and
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Sn concentrations, (2Sn•InOi
′′)x defect associates are majority species and n is determined

by the concentration of the unassociated Sn atoms: n = [Sn•In] ∝ pO−1/8
2 , n ∝ [Sn]1/4.

The proportionality factors, i.e. the slopes in the Brouwer diagrams, are based on de-
fect equations and charge neutrality considerations and supported by experimental results
[20, 21, 67].

Films can be overreduced. This means annealing at too high temperatures, for long
times, under reducing conditions leads to a full loss of conductivity and dark films. This is
the only exception when the carrier concentration in Sn:In2O3 is determined by the oxygen
vacancy concentration. Since more free charge carriers are generated by the formation of
oxygen vacancies the mobility decreases, resulting in the loss of conductivity. Surpassing a
critical value leads to decomposition of the crystal structure and the formation of metallic
In precipitates. Doping shifts the oxygen partial pressure at which decomposition occurs
to lower values [21].

Even though the latter model is widely accepted, some of the experimental validation
is under criticism since it assumes a constant carrier mobility [20, 67]. In the following
section it will be shown that this is an unreasonable precondition. Irrespective of this
error, the outlined defect model is suitable to describe the effects of varying oxygen or Sn
concentration in Sn:In2O3.

2.4.2 Electronic Properties

The electronic conductivity of a material is determined by the concentration, mobility and
charge q of the free carriers as described by Eq. 2.3 [72]:

σ = qnµ (2.3)

The carrier concentration is significantly affected by doping as was discussed in the
previous section. The highest conductivity for In2O3 based TCOs is achieved when doped
with Sn. While huge carrier concentrations extending up to 1.5× 1021 cm−3 [21, 69] are
responsible for the high conductivity in this case, it is a high mobility for other dopants.
Mobilities up to 120cm2(Vs)−1 are reported for titanium doped In2O3 but are still exceeded
by zirkonium doped In2O3 [9].

The electronic film properties are strongly influenced by the deposition conditions [60].
Annealing at different oxygen partial pressures has a similar effect [21]. As discussed in
Sec. 2.4.1, an enhanced oxygen incorporation leads to a decreasing carrier concentration.
For Sn:In2O3, neutral (2Sn•InOi

′′)x defect complexes were found to decrease the effective
dopant concentration. The mobility shows a more complex behavior [13, 60]. Depending
on nHall , a maximum in the mobility is visible [9, 48].

The solubility limit of Sn in In2O3 depends on the sample type. While ≈ 6 at% Sn is
found for sintered powders [21, 69], higher values are reported for thin films or nanocrys-
talline samples [20]. Highest Sn concentrations are obtained by preparation techniques
as sputtering or other non-equilibrium methods, which result in metastable phases [20].
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Frank et al. [21] report a monotonically decreasing mobility with increasing doping con-
centration. A maximum in conductivity and carrier concentration is seen around the solu-
bility limit.

The correlation between carrier mobility and concentration for a variety of dopants in
polycrystalline films is shown in Fig. 2.5. Beside dopant element and concentration, the
deposition conditions are crucial for the electronic film properties which explains the large
variation. The black solid line represents a calculated mobility limit for doped In2O3 single
crystals [17]. For some dopants, a rather good agreement between theoretical calculation
and experimental data is found, when only the maximum mobility values above a certain
carrier concentration are considered. This means that for the undoped, Sn and Ge doped
films the mobility limit at highest carrier concentrations is indeed given by the mobility in
In2O3 single crystals. All films show a strong deviation from the single crystal model for
lower carrier concentrations. Polycrystalline Zr and Ti as well as epitaxial Sn doped In2O3
thin films show mobilities exceeding the theoretical values around a carrier concentration
of 1020 cm−3.
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Figure 2.5: Hall carrier mobility plotted over the logarithm of the Hall carrier concentration
of doped In2O3 thin films. Colored markers represent samples prepared and measured
by members of the OF and ESM groups, open circles data for epitaxial In2O3 or Sn:In2O3
films [17]. Variation of the deposition conditions, i.e. deposition temperature and oxygen
content, leads to the diversity of electronic properties for a single dopant type and concen-
tration. The solid black line indicates the theoretical mobility limit for In2O3 single crystals
[17].

One key aspect is the influence of different scattering mechanisms on the carrier mobil-
ity. Electron-defect, electron-lattice (phonon) and electron-electron interaction can lead
to scattering. Following defects are possible scattering centers: ionized and neutral impu-
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rities, external surfaces, grain boundaries and dislocations [4, 13, 43]. A differentiation
between the mechanisms and scattering centers is not straightforward [13]. For TCOs,
mostly grain boundary and ionized impurity scattering are to be expected [13, 15]. The
coexistence of different phases can also not be neglected due to their generally high dopant
concentration [13].

Starting the investigations on single crystalline material allows to neglect scattering at
grain boundaries and focus on other mechanisms. Preissler et al. [17] therefore examine
the electrical transport in single crystalline In2O3 and Sn:In2O3. A comparison between
experimental data and a theoretical model, considering ionized impurity and phonon scat-
tering, was carried out. Their calculations for ionized impurity scattering are based on
doubly charged oxygen vacancies and singly ionized Sn•In. Oxygen interstitials, being
known as defects in Sn:In2O3, are not considered. Due to the low ionization energy of
donor atoms in TCOs (< 50 meV) and therefore the negligible concentration of neutral
impurities, scattering at the latter can also be neglected [4]. Polar optical phonons are
found to be dominating scattering centers over a wide range of electron concentrations. A
change to ionized impurity scattering occurs for highest concentrations. Acoustic phonon
scattering is always negligible. Simulation and experimental data match reasonably well
for high and low carrier concentrations. However, the simulations underestimate mo-
bilities around n ≈ 1020 cm−3 [17]. The origin for those high mobilities is still unclear
[15].

Carrier transport in polycrystalline TCO thin films was discussed controversially. Grain
boundaries have to be considered going from single crystals to polycrystalline thin films.
They constitute imperfections in the crystal structure and therefore electronic defects [4].
Several of the earlier articles report an increasing mobility up to a critical carrier concen-
tration, which was explained by the presence of electron barriers at the grain boundaries
due to depletion layers. As soon as this n is exceeded the barriers will not contribute to
scattering anymore and ionized impurity scattering will dominate [73–75]. Others report
ionized impurity scattering as the mobility determining mechanism independent on the
carrier concentration [2, 43, 71, 76, 77]. No differences should therefore be expected for
single crystalline samples and polycrystalline thin films.

More recent articles nonetheless prove the dominance of grain boundaries under cer-
tain conditions in polycrystalline TCO thin films [2, 4, 15]. Minami et al. [2] showed
that, depending on the carrier concentration, the Hall mobility in doped and undoped
ZnO is either well described by scattering at grain boundaries (low nHall) or at ionized
impurities (high nHall). Similar observations were later as well made for Sn:In2O3 [4].
Mobility values match calculations for single crystal data when a carrier concentration of
1020 cm−3 is exceeded. Grain boundary barriers vanish completely due to the high carrier
concentrations and do not act as scattering centers anymore [4].

Scattering at grain barriers was first described on the example of polycrystalline silicon
by Seto [78]. Charging of the defects, introduced by breaking the crystal symmetry, with
carriers from the grains may result in depletion zones and electrostatic potential barriers
between them. The latter model is not suited for degenerately doped semiconductors since
it presumes the depletion approximation. The Kazmerski model expresses the mobility in
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polycrystalline materials as the product of a mobility in the grain, i.e. the mobility in a
single crystal and the thermionic emissions across the grain barriers [15]:

µpoly = µg(T, n)exp
�

EB

kBT

�

(2.4)

with µg(T, n) the temperature and carrier concentration dependent single crystal mobility.

Temperature dependent Hall-effect measurements on differently doped In2O3 thin films
lead to the result that grain boundary scattering can influence the carrier mobility up to
carrier concentrations of 1021 cm−3 [15]. Dopant species and especially segregation at
the grain boundaries influence the mobilities. Simulation of the grain boundary barrier
height directly show a decreasing energy barrier with increasing carrier concentration.
This behavior can be explained by a decreasing barrier height with increasing Fermi energy
due to a better screening of the charged defects at the grain boundaries. Typical barrier
heights amount up to 100 meV. Comparing the barriers obtained for various dopants at
an electron concentration of 1020 cm−3 a clear dependence on concentration and species
is found. The high barriers found for Sn:In2O3 are likely related to Sn segregation at the
grain boundaries.

To conclude this section the main points describing the transport properties in doped
In2O3, relevant for this work, are summarized in the following list.

(i) decreasing mobility for very high carrier concentrations is explained by ionized im-
purity scattering

(ii) decreasing mobility with decreasing carrier concentration in polycrystalline films is
related to scattering at grain boundaries, i.e. an increasing grain boundary barrier
height

(iii) different barrier heights at similar carrier concentrations are obtained depending on
dopant species, dopant segregation may be determining

(iv) poly and single crystalline samples may exceed the theoretical mobility limit at
n≈ 1020 − 1021 cm−3

2.4.3 Surface Potentials

TCOs are used as electrodes in a variety of applications. Besides the necessity of a high
conductivity, an efficient carrier injection or extraction into the TCO is crucial. The effi-
ciency is determined by the work function φ = Evac − EF. The latter parameter is affected
by a variation of either the distance between Fermi energy and valence band maximum
EF − EVBM or the surface dipole [27, 28]. Isolated values for the work function therefore
do not allow a distinction of both effects. It is necessary to know EF − EVBM and φ or the
ionization potential IP = Evac − EVBM, which is directly correlated to the surface dipole.

The influence of the deposition and post-deposition treatment on the surface potential
of In2O3 and Sn:In2O3 were already extensively studied [27, 28, 32]. Different carrier
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concentrations result, for example, in a variation of EF − EVBM, which in turn affects the
work function. The atomic arrangement at the surface decides about the surface poten-
tial. Termination, i.e. by oxygen ions or cations as well as polar adsorbates are important
factors. A larger surface dipole is generally obtained for a more negative surface charge.
It has also been shown that the chemical potentials of the elements forming a compound
influence its surface potential. This means that for example the oxygen partial pressure
affects the IP of an oxide [32].

In the case of ionic or partially ionic materials, the surface dipole is also expected to de-
pend on the crystallographic orientation [28, 29]. Tasker et al. [34] classified the surfaces
of fluorite-type crystals into three categories. Type I, stoichiometric ratio of anions and
cations forming neutral surfaces; type II, charged surfaces with no perpendicular dipole
moment; type III, polar surfaces exhibiting a dipole moment perpendicular to the surface.
For the fluorite or bixbyte structure, a (110) oriented surface corresponds to Tasker type I,
a (111) surface to a Tasker type II and a (100) surface to a Tasker type III surface. Agoston
et al. [7] calculated the surface tension γ for In2O3. It was shown that the stability of
stoichiometric surfaces follows γ (111) < γ (110) < γ (100). A variation in surface energy
in dependence of the oxygen chemical potential was found as well. While the stoichiomet-
ric (111) surface is the most stable one over a large range of oxygen chemical potentials,
(100) surfaces are either for very high or low values more stable. Hohmann et al. [29]
demonstrated that the ionization potentials of epitaxial In2O3 thin films grown on yttria
stabilized zirconia (YSZ) single crystals are indeed orientation dependent. They may dif-
fer between 7.7eV and 7.0 eV for (100) and (111) oriented films, if grown under strongly
reducing or oxidizing conditions, respectively. Similar experiments were as well carried
out for 10 wt% Sn:In2O3 leading to the formation of facets with (111) orientation on the
nominally (100) oriented thin film [27].

The ionization potentials and work functions of polycrystalline In2O3 thin films were
found to depend on the dopant [32]. A rather constant IP of the as deposited films was
found for each dopant. A variation of the work function is therefore exclusively related to
changing Fermi level positions. Ionization potentials around 7.0 eV are found for undoped
In2O3, while values of 7.7eV are found for Sn:In2O3. As previously discussed, dopant
segregation is a present phenomenon in Sn:In2O3 thin films. A SnO or SnO2 layer at the
surface therefore may set IP in Sn:In2O3.

Post deposition treatments are known to influence the surface potentials [27, 28, 32].
Highly oxidizing procedures, such as annealing in oxygen containing atmospheres, ozone
or oxygen plasma treatments, significantly affect both the surface dipole and the Fermi
level position. While these lead to an increasing surface dipole and further to a decreasing
Fermi energy, other treatments have an opposite effect. Ar-ion etching or exposure to H2O
vapor, for example, lead to a reduction of the surface and therefore to a decreasing IP and
increasing EF − EVBM.

In summary, deposition conditions affect work functions mostly due to a variation of
EF−EVBM. Different dopant elements can influence the surface dipole, probably via surface
segregation. Post deposition treatments may affect both.
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3 Methodology

The characterization and preparation methods, most important for this thesis, will be in-
troduced in the following. Most of the applied methods were thoroughly discussed in
previous Ph.D. theses of this group [37–39, 79]. Only a brief summary about X-ray diffrac-
tion (XRD), photoelectron spectroscopy, conductivity and Hall-effect measurements as well
as magnetron sputtering will therefore be given here. Even though the optical character-
ization of thin films is of likewise importance as other methods, special attention will be
paid in this chapter. The primary reason is a limited abundance of concerning information
in previously written theses.

3.1 Optical Characterization of Thin Films

Optical characterization of thin films can be used to obtain a variety of information. Film
thickness, refractive index and extinction coefficient are among the most common investi-
gated parameters [80]. While there are several different methods for the optical charac-
terization of thin films, only the two relevant in the context of this work will be introduced
here.

Spectrophotometry can be used to acquire intensity transmission and reflection data
while changes of polarization upon reflection can be investigated with spectroscopic el-
lipsometry (SE). The latter is often considered as the method of choice regarding the
determination of dielectric functions of thin films [81]. Due to the different information
provided by intensity and polarization data, however, more insight into the interaction of
electromagnetic radiation with a material is obtained by using both methods [82]. The
high surface sensitivity of ellipsometry is combined with the more bulk sensitive spec-
trophotometry data [83, 84].

Before an introduction into the optical characterization of thin films is given, a brief
discussion about the interaction of electromagnetic radiation and matter, neglecting non-
linear effects will be carried out. Non magnetic, isotropic media are assumed. For more
detailed information see references [80, 85–87].

3.1.1 Light and its Interaction with Matter

Light is defined as a transversal electromagnetic wave in a wavelength region of roughly
106 nm to 10nm [86]. Neglecting the magnetic component of the wave, light may be de-
scribed only by the real part of the electric field vector ~E (z, t). Assuming a monochromatic
plane wave propagating along the z-direction, ~E (z, t) can be described as a combination
of two waves with the complex amplitudes Ex and Ey pointing either in x or y direction. A
formula for this case is given by Eq. 3.1 [86].

~E (z, t) = Re
§�

Ex
Ey

�

ei(kzz−ωt)
ª

(3.1)
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kz is the non vanishing component of the propagation vector and ω the angular fre-
quency. The trajectory, which is described by the projection of ~E onto a plane normal to
the propagation direction at any z, can be used to distinguish between different polariza-
tion states of the light.

X

Y

X

Y

X

Y

x

y
z

Figure 3.1: From left to right: x and y components of a monochromatic wave propagat-
ing along the z-direction with X=Y for different relative phase shifts ∆ resulting in linear,
circular or elliptic polarized light.

Examples for the three different kinds of polarization, i.e. linear, circular and elliptic are
given in Fig. 3.1 from left to right. The amplitudes X and Y in the corresponding direction
are kept constant while the phase difference ∆ between ~Ex (z, t), displayed in red, and
~Ey (z, t), displayed in blue is varied. The projected trajectory of ~E (t) onto a plane normal
to the propagation direction is shown for all three cases. Elliptic polarization is the most
general case. Under certain conditions the ellipse collapses either to a line or forms a
circle, resulting in linear or circular polarized light. Linear polarized light is obtained for
∆ = 0 or ∆ = π independent on the ratio X/Y . Circular polarized light requires a ratio
X/Y = 1 and ∆= ±π/2.

On the left hand side of Fig. 3.2 light incident on a parallel film on a substrate is shown.
It is assumed that the structure is in vacuum and all media possess different complex
refractive indexes ñv , ñ f and ñs. The complex refractive index ñ is defined as:

ñ= n+ ik (3.2)

The real part n is called refractive index and the imaginary part k extinction coefficient.
For non absorbing media k is zero. As can be seen in Fig. 3.2, when light passes from one
media into another, a part of it is reflected at the interface, a part transmitted and a part
absorbed. The light will be reflected many times at the top and bottom interface of each
layer, even though only a single reflection in the thin film is shown. Light may be absorbed
in the substrate as well. Due to energy conservation, the intensity of reflected, transmitted
and absorbed light, IR, IT and IA, is required to add up to I0, the intensity of the incident
light.
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Figure 3.2: Transmission and reflection of a thin film on a thick substrate on the left. Angu-
lar correlation between incident, reflected and refracted light at the interface of two half
spaces is shown on the right.

I0 = IR + IT + IA or 1=
IR

I0
+

IT

I0
+

IA

I0
= R+ T + A (3.3)

The ratios of reflected, transmitted and absorbed intensity relative to the incident in-
tensity are called reflectance R, transmittance T and absorptance A, respectively. For the
example discussed here, diffuse scattering is neglected.

Angular correlations between incident, reflected and refracted light are shown in Fig. 3.2
on the right. For specular (regular) reflection the angle between surface normal and wave
vector of the reflected light, is equal to the angle of incidence θ0, defined as the angle
between wave vector of incident light and surface normal. The angle between the wave
vector of transmitted light and the surface normal θ1 is related to the angle of incidence
via the ratio of refractive indexes of the adjacent media as described by Snell’s law given
in Eq. 3.4.

n0

n1
=

sinθ1

sinθ0
(3.4)

In Fig. 3.3 the electronic components of linear polarized light, with two different polar-
ization directions, are sketched as they are reflected and transmitted at a single interface
between two media, possessing refractive indexes n0 and n1 (k0 = k1 = 0). In this con-
figuration it is common to distinguish between s- and p- polarized light. Depending on
the orientation of the electric field vector of the incoming light relative to the plane of
incidence, which is spanned by the surface normal of the plane of reflection and the wave
vector of the light, the differentiation is carried out. The electric field vector of s-polarized
light is oriented perpendicular to the plane of incidence while it is parallel for p-polarized
light. The letters s and p stem from the German words "Senkrecht" and "Parallel". As can
be seen, the amplitude of reflected and transmitted light directly depends on whether s- or
p-polarized light is incident. Based on Maxwell’s equations, the amplitude coefficients for
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Figure 3.3: Amplitude change of p-polarized (red) and s-polarized (blue) light upon reflec-
tion and transmission at a surface. Only the electric component of the electromagnetic
radiation is displayed.

reflection rs and rp and transmission ts and tp at a single boundary between two materials
can be calculated and are represented by the Fresnel equations:

rs =
n0 cosθ0 − n1 cosθ1

n0 cosθ0 + n1 cosθ1
(3.5)

rp =
n1 cosθ0 − n0 cosθ1

n1 cosθ0 + n0 cosθ1
(3.6)

ts =
2n0 cosθ0

n0 cosθ0 + n1 cosθ1
(3.7)

tp =
2n0 cosθ0

n1 cosθ0 + n0 cosθ1
(3.8)

Combining the Fresnel equations and Snell’s law, intensity reflection coefficients Rs and
Rp, being the square of rs and rp and intensity transmission Ts and Tp coefficients can be
calculated as function of incident angle and refractive indexes. Rs and Rp are displayed
in Fig. 3.4 as function of the incident angle. Extinction coefficients of zero, n0 = 1 and
n1 = 1.7 were chosen to simulate conditions as for visible light being reflected at an
air/glass boundary.
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Figure 3.4: Rs and Rp as function of the angle of incidence calculated using Fresnel’s equa-
tions and Snell’s law. Non absorbing media, i.e. k1,2=0, with refractive indexes of n0=1 and
n1=1.7 are assumed. The given conditions represent the case of light in the visible range
being reflected at the boundary between two half spaces of air and glass.

Rs is monotonically increasing while Rp first decreases reaching 0 at approximately 60 ◦

before increasing as well. When n0 < n1 the intensity reflection coefficient Rp equals zero
at a certain angle of incidence, which is called Brewster or polarizing angle θB:

tanθB =
n1

n0
(3.9)

At normal incidence both intensity reflection coefficients are equal.

Going from a single interface to reflection/transmission at two or more interfaces, inter-
ference phenomena have to be considered. They will occur when the coherence length of
the light is comparable to the film thickness d and when the following equation is valid:

∆λ�
λ2

2πnd
(3.10)

with ∆λ the spectral bandwidth and λ the wavelength. Interference patterns will be
present in both T and R spectra as periodic modulation, where magnitude and period
length depend on film thickness and complex refractive index.

Maxwell’s equations can be used to exactly describe the interaction of light with matter
in a classical approach [87, 88]. Qualitatively, it can be said that an electric polarization P
is induced in matter when exposed to electromagnetic radiation E as described by Eq. 3.11
[89].
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P = ε0χE (3.11)

ε0 is the permittivity of free space and χ the dielectric susceptibility of the material. The
dielectric susceptibility is the sum over all individual susceptibilities χi based on different
physical polarization mechanisms. The complex dielectric function ε is then given by:

ε= 1+
∑

i

χi (3.12)

As the ability of a material to be polarized can be described by its complex dielectric
function ε, a correlation between the latter and the complex refractive index ñ is evident.
Since ε is a function of frequency, the complex refractive index will be as well. In case of
non magnetic materials, optical properties are fully described by their dielectric function
as shown by the following equations:

ε (ω) = ñ2 (3.13)

ε′ + iε′′ = (n+ ik)2 (3.14)

ε′ and ε′′ represent the real and the imaginary component of the dielectric function.
Several phenomena contribute to the polarization and therefore to the dielectric function
depending on the frequency of electric field as shown schematically in Fig. 3.5. Different
mathematical expressions can be used to described the features. Orientation polarization
of permanent dipoles by the Debye equation, free electrons by the Drude formula and
absorption or dispersion processes by an oscillator model e.g. the Lorentz model.

Different phenomena are dominant over certain frequency ranges, therefore it is possible
to describe the dispersion relation of the dielectric function as a sum with one term for each
contribution.

Several articles, concerned with the determination of the refractive index and extinction
coefficient, discuss the angular sensitivity of the measurements [90–94]. Even though the
proposed methods differ from the simulations applied here, the findings are expected to
still hold true. Depending on n and k different optimum angles of incident are found. The
tendency of an increasing accuracy with larger angles is nonetheless true independent on
the latter parameters.
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Figure 3.5: Real and imaginary part of the dielectric function of a polar crystal as a function
of the frequency.

3.1.2 Spectrophotometry

Spectrophotometry is a method for which reflected and/or transmitted intensity are mea-
sured in a certain wavelength range. Several techniques and setups exist for measuring
e.g. specular or diffuse transmission and reflection, some with the necessity of well defined
standards. Sample and desired information hereby dictate, which technique is suitable. For
the samples being of concern in this thesis, only a minor fraction of the light is reflected
or transmitted diffusely. Therefore a dual beam spectrophotometer capable of measur-
ing specular reflection and transmission at variable incident angles is suited. In a double
beam spectrophotometer, the sample and the reference beam intensities are constantly
compared to obtain information about attenuation of the sample beam. The advantage of
this procedure is that a fluctuation in light intensity during a measurement does not alter
the resulting spectra.

3.1.3 Spectroscopic Ellipsometry

Phase and amplitude changes of the s and p components of light, most commonly after
reflection, are investigated with ellipsometry. In the case of spectroscopic ellipsometry
the measurement is carried out over a certain range instead of a single wavelength. As
schematically shown in Fig. 3.6 a sample will be exposed to linear polarized light of known
polarization angle and a phase shift. The change in polarization state upon reflection is
then analyzed and evaluated.

The polarizer is used to obtain linearly polarized light of known polarization angle and
the retarder to adjust the phase shift between the s and p component. The retarder is
optional, depending on which parameters shall be obtained. In case of a rotating ana-
lyzer ellipsometer, the polarizer remains fixed during a measurement while the analyzer is
rotated and therefore used to determine the polarization state of the reflected light.
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Figure 3.6: Schematic setup of the used spectroscopic ellipsometer.

In Sec. 3.1.1 it was shown that the reflectance of s and p polarized light differ depending
on incident angle and complex refractive index of adjacent media. Further a phase differ-
ence upon reflection between rs and rp can occur for anisotropic media or thin films. Thus
when linear polarized light is reflected, its polarization will change. The angle and/or the
phase may be influenced resulting in an elliptic polarization. The fundamental parameters
of spectroscopic ellipsometry are Ψ and ∆, the first being correlated to the intensity ratio
and the second to the phase difference. They are defined as:

rs

rp
= tanΨei∆ (3.15)

tanΨ =
|rs|
�

�rp

�

�

and ∆= δs −δp (3.16)

with δs and δp being the absolute phase of the s and p component.

Measurements over a spectral range covering UV-Vis and NIR are commonly realized
by combining a photometric ellipsometer with a Fourier transform spectrometer, i.e. an
interferometer is introduced into the setup shown in Fig. 3.6. Performing measurements
at least at three different polarization angles, i.e. αp = 0 ◦, 45 ◦, 90 ◦, either Ψ and ∆ or
S1 =

s1
s0
= − cos2Ψ and S2 =

s2
s0
= sin 2Ψ cos∆ can be calculated. To obtain the first pair of

parameters, a retarder is required. S1 and S2 are called Fourier coefficients, s0 to s2 Stokes
parameters.

3.1.4 Modeling of Optical Spectra

Explicit equations to calculate transmittance and absorptance spectra for a single interface
scenario were given in Sec. 3.1.1. Similar equations can be formulated for ellipsometry pa-
rameters. This is possible even for thin films on thick substrates or multilayer systems. One
prerequisite is that the complex refractive index of all materials is known. Furthermore,
the film thickness d has a significant influence on the results. In most scenarios, how-
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ever, the complex refractive index and film thickness are not known and it is of interest to
determine them from optical spectra.

optical model
εtheo (ω)

Calculated data
Tcalc, Rcalc

S1,calc, S2,calc

Experimental Data
Tex p, Rex p

S1,ex p, S2,ex p

Compare data
Optical constants

n, k,
d, nc,opt , µopt

minimization

Figure 3.7: Flow chart visualizing the basic process to model optical spectra

While there are several different approaches, only the method of solving a minimiza-
tion problem will be discussed here. The basic procedure is visualized in the flow chart
in Fig. 3.7. The starting point is a model describing the dielectric function over the wave-
length range of interest. Choosing appropriate starting conditions, spectra for all quanti-
ties of interest are calculated. These are compared to the experimentally obtained spectra
and a minimization problem, as exemplarily shown in Eq. 3.17 for transmittance and
reflectance data, is solved.

J =
1
j

∑

j

¦

�

Tcalc

�

v j

�

− Tex p

�

v j

��2
+
�

Rcalc

�

v j

�

− Rex p

�

v j

��2©

(3.17)

Where Tcalc

�

v j

�

and Rcalc

�

v j

�

are the calculated values and Tex p

�

v j

�

and Rex p

�

v j

�

the
measured values. The mean squared deviation J is minimized by varying the parameters
of the complex refractive index model. When an appropriate model and starting conditions
were chosen, this fitting procedure will lead to the desired parameters.

Physically reasonable parameters and a high fit quality do not necessarily go together.
A physically inadequate model may lead to a good fit but will result in parameters, which
are completely unreasonable. Furthermore, great care has to be taken when choosing the
starting conditions. A downhill simplex method may not end up in the global minimum
when the starting conditions were to close to a local minimum.

3.1.5 Dielectric Model for doped In2O3

The model used in this work to describe the optical properties of doped and undoped
In2O3 is also discussed by other authors [81, 89]. It consists of four parts and is given by

χ (ω) = εB +χBG (ω) +χUV (ω) +χD (ω) (3.18)
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εB is not frequency dependent and is required to model the dielectric background.

Based on the model introduced by O’Leary et al. [95], called O’Leary-Johnson-Lim model
(OJL), the band-gap absorption is described by χBG (ω). It was proposed to model the band
gap of amorphous silicon but leads to qualitatively acceptable results for degenerately
doped TCOs [81, 89, 96]. It assumes completely filled or empty, parabolic valence or
conduction bands respectively and exponentially decaying tail states. Since this is not true
for degenerately doped TCOs it is questionable whether the band gap values obtained in
this way are correct [81]. The combined density of states based on the assumptions made
here is proportional to the imaginary part of the dielectric function, which in turn can be
used to obtain the real part by using the Kramers-Kronig-Relation [89].

An empirical term required for a good fit of the UV region is represented by χUV (ω). A
harmonic oscillator with an extension, allowing to shift from a Gaussian to a Lorentzian
line shape, as suggested by Kim et al. [97] is used. The necessity of this part may be
due to the inaccuracy of the OJL model [81]. The dielectric spectrum of a semiconductor
in the UV region contains several critical points and lines. Since only the low energy tail
(below 5eV or 40000cm−1) is of interest here, it has been suggested that it is sufficient to
use a single oscillator [89].

The susceptibility of free electrons χDrude is modeled by the Drude formula [43, 89].
Amongst others, charge carrier concentration, mobility and conductivity can be obtained
from the parameters of this part.

χDrude (ω) = −
Ω2

Drude

ω2 + iωΓDrude
(3.19)

The real and imaginary part of the dielectric function are given by

εDrude
1 (ω) = ε∞ −

Ω2
Drude

ω2 + Γ 2
Drude

(3.20)

εDrude
2 (ω) =

ΓDrude

ω

�

Ω2
Drude

ω2 + Γ 2
Drude

�

(3.21)

The description of all variables and constants used in Eq. 3.19 - Eq. 3.23 is given in
Tab. 3.1. It has to be pointed out that angular frequencies are used in the latter equations.

A frequency dependence of the damping coefficient ΓDrude was first mentioned by Köstlin
et al. [48]. Hamberg et al. [43] discuss this frequency dependence of the damping term as
required to account for ionized impurity scattering. In the extended Drude model (EDM),
ΓDrude is replaced by the frequency dependent damping coefficient ΓEDM (ω) [89]:
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ΓEDM (ω) = ΓL −
ΓL − ΓH
π

�

arctan
�

ω− ΓX
ΓW

�

+
π

2

�

(3.22)

ΓL and ΓH are damping frequencies for low and high ω respectively, ΓX the cross over
frequency between high and low and ΓW the width of the transition region.

The Drude frequency ΩDrude is often called plasma frequency, which is only correct for
materials with a high frequency dielectric constant ε∞ of 1. The plasma frequency is
generally defined as the frequency where the real part of the dielectric constant is zero
[43, 48, 89, 98]. According to Eq. 3.20, this yields the following expression for ωP:

ωP =

√

√

√
Ω2

Drude

ε∞
− Γ 2

Drude (3.23)

Table 3.1: Constant and Variables used in the Drude and extended Drude model (EDM)
Constant or Variable Description

Angular frequencies in cm-1, s-1 or eV
ω angular frequency of light
ΩDrude Drude frequency
ωP Plasma frequency; εDrude

1 (ωP) = 0
ΓDrude Damping of Drude oscillations
ΓL Damping constant EDM low frequencies
ΓH Damping constant EDM high frequencies
ΓX EDM crossover frequencies
ΓW EDM width of transition region

other constants
ε∞ high frequency dielectric constant

Since ΓDrude � ΩDrude usually holds true [43], the high frequency dielectric constant
in combination with the Drude frequency is sufficient to determine the plasma frequency.
To obtain ε∞ the real part of the dielectric function is plotted over (ħhω)−2 and linearly
extrapolated towards zero. This procedure is shown for different samples studied in this
work in Fig. 3.8. In accordance with literature [43, 48, 99], ε∞ ≈ 4 is obtained in this
work for doped and undoped In2O3.

Based on ωDrude and the damping coefficients, charge carrier concentrations nopt and
mobilities µopt can be calculated [89]:

nopt =
Ω2

Drudeε0me f f

e2
(3.24)
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ergy. ε1 was obtained by simultaneously modeling transmission, reflection and ellipsome-
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µopt =
e

me f f Γ
(3.25)

with e elementary charge and me f f the effective electron mass. In the case of the basic
Drude model ΓDrude is used in Eq. 3.25. When the extended Drude model is applied, i.e.
the damping coefficient ΓEDM is frequency dependent, ΓL is used to calculate the optical
mobility.

3.1.6 Optical Band Gap Determination from the Spectral Absorption Coefficient

Tauc et al. [100] proposed a method to determine optical band gaps based on the rela-
tion between the spectral absorption coefficient α (hν) and the photon energy hν given in
Eq. 3.26:

α (hν)∝
�

hν− Eg

�n
(3.26)

The exponent n has to be chosen depending on the type of band gap [101, 102]. In
the case of doped In2O3, i.e. a direct optical band gap with dipole forbidden transitions,
1/2 is set as n. To determine the band gap, α (hν)2 is plotted vs. hν and the high ab-
sorption regime is extrapolated linearly to α (hν)2 = 0. Hamberg et al. [43] refer to this
as commonly used, however, still being object of criticism. They mention explicitly that
this method is not suitable for degenerately doped semiconductors. Dolgonos et al. [103]
propose a method similar to a Tauc plot, which is applicable to the latter materials. Even
though absolute band gap values obtained from either method have to be interpreted with
care, they are still acceptable for a qualitative evaluation of e.g. band gap widening.
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The spectral absorption coefficient can be determined in different ways. It is often cal-
culated from transmittance and reflectance data, as those measurements are easily carried
out. Depending on the sample type, different equations have to be used. In case of a
single slab of material, i.e. light impinging on the surface of a homogeneous double-sided
polished sample, the spectral absorption coefficient α (hν)slab can be approximated by the
following equation [104]:

α (hν)slab =
1
d

ln

�

(1− R)2

T

�

(3.27)

For thin films on a thick substrate, the following equation is commonly used [83, 102,
105, 106]:

α (hν) f ilm =
1
d

ln
�

1− R
T

�

(3.28)

This approximation is based on equations given by Heavens et al. [107]. Tomlin [92],
Denton [108] and Wu [109] showed that it is suitable for a thin film on a substrate,
given the substrate refractive index is in the range of 1.5 to 1.7. Eq. 3.28 is often further
simplified by neglecting reflectance, thereby allowing to estimate the absorption coefficient
from the transmittance alone [101, 110].

Another possibility is to determine the complex refractive index and to use the extinction
coefficient for its calculation [85, 111]:

α (hν) =
4πk
λ

(3.29)

A shift of the absorption onset is related to a variation of the optical band gap EG,opt of
the films [112]. The fundamental energy gap is defined as the energy difference between
the valence band maximum and the conduction band minimum. In contrast to this, the
optical band gap is determined by the energy difference between the highest occupied
state in the valence band and the lowest unoccupied state in the conduction band as indi-
cated in Fig. 3.9. For degenerate n-type semiconductors, such as donor-doped In2O3, the
valence band is fully occupied and the conduction band is partially occupied (EF > ECBM).
At higher charge carrier concentration, a higher Fermi level and therefore a larger op-
tical band gap will be found. Burstein [112] and Moss [113] were the first to give an
explanation for the dependence of absorption onset in InSb on the impurity level, which
subsequently was transferred to other semiconducting materials. Hence a variation of the
absorption onset due to a variation of the carrier concentration is called Burstein-Moss
shift. An expression for the measured band gap EG,opt Eq. 3.30 can be used according to
this model [114]
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EG,opt = EG,0 +
ħh

2m∗cv

�

3π2ne

�2/3
(3.30)

with EG,0 being the intrinsic band gap, m∗cv the reduced mass and ne the carrier density.

E

k0

EG,0
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EG,opt

conduction
band

valence
band

Figure 3.9: Schematic dispersion relation for a degenerately doped, direct band gap semi-
conductor. The Fermi level is positioned inside the conduction band. The optical band gap
therefore differs from the fundamental one.

3.1.7 Sample Spectra

Hamberg et al. [43] thoroughly investigated the optical properties of Sn:In2O3 thin films.
Deposition conditions and post deposition treatments strongly affect the optical spectra of
the films. In the UV region, the dielectric function is dominated by interband absorption
while it is phonon absorption in the far infrared. In between, the optical spectra were
found to be consistent with the Drude theory, pointing out that free electrons are critical
for the optical properties. The widening of the optical band gap is often explained solely
assuming the Burstein-Moss shift. Although the latter phenomenon has the largest effect
on the opitcal band gap, electron interaction and impurity scattering contribute as well.

Transmission and reflection spectra of an In2O3 thin film doped with 10 wt% Sn are
shown in Fig. 3.10. The spectra were measured at an incident angle of 60◦ using either s
or p polarized light.

The differences in transmission and reflection can be explained based on Fresnel’s equa-
tions Eq. 3.5 - Eq. 3.8, describing their angular dependence for s and p polarized light. The
influence of the polarization is especially pronounced since the angle of incidence is close
to the Brewster angle of Sn:In2O3 on glass. The periodic modulations of the transmission
and reflection signals at low wavelength are called interference fringes. While this effect
is very prominent in the measurements using s polarized light, hardly any influence can be
seen for p polarized light, as the reflectance in the visible region is very low in this case.

34



80

60

40

20

0

T
 o

r 
R

 i
n

 %

2500200015001000500
Wavelength in nm

80

60

40

20

0

T
 o

r 
R

 i
n

 %

2500200015001000500
Wavelength in nm

 T
 R

s polarized light p polarized light

Figure 3.10: Reflectance (grey) and transmittance (black) spectra of a 10 wt% Sn-doped
In2O3 thin film are shown. Measurements were done at an incidence angle of 60 ◦ using s
or p polarized light.

Three different regions can be observed independent on the polarization. Up to roughly
300 nm, the transmittance is zero. Surpassing this limit, a rapid increase of the transmit-
tance is observed, while the reflectance remains at the same average value but becomes
affected by interference effects. Highest transmittance is observed in the visible range,
followed by a decreasing transmittance and increasing reflectance at longer wavelengths.

The low T at short wavelength is explained by the absorption of light at the semiconduc-
tor band gap [43]. Above a certain wavelength the energy of the incoming light is not suf-
ficient to excite carriers from the valence to the conduction band and absorption decreases.
In the visible region, reaching into the near infrared, the films show high transparency sim-
ilar to a dielectric [48]. The opposing behavior of transmittance and reflectance in the near
infrared region are explained by free carrier absorption [5, 115], i.e. plasma oscillations
of the free electron gas [48].

3.2 Photoelectron Spectroscopy

A basic introduction into photoelectron spectroscopy will be given here. More detailed
information can be found else where [116–118].

Photoelectron spectroscopy is a very surface sensitive characterization technique. Com-
mon applications are chemical analysis of surfaces and investigation of their electronic
structure. The method is based on the external photoelectric effect, i.e. the emission of
electrons by absorption of a photon. By measuring the kinetic energy of the emitted elec-
trons, it is possible to conclude the initial binding energy Ebind, given the photon energy
hν and the sample work function φ are known. Since the sample has to be electroni-
cally conductive and grounded via the spectrometer, the following equation is valid for the
calculation of Ebind:

Ebind = hν− Ekin −φspec (3.31)
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with φspec the spectrometer work function.

Based on the excitation sources, PES may be categorized into X-ray photoelectron spec-
troscopy or Ultra-Violet photoelectron spectroscopy. By illuminating samples with photons
of various energies, different information of a sample can be obtained. Increasing excita-
tion energies lead to a higher information depth and allow to probe states of higher Ebind.
A much higher surface sensitivity is obtained for lower photon energies, as it is the case
for UPS.

Core level binding energies are element specific and influenced by the chemical envi-
ronment. PES can therefore be used to identify the surface chemical composition and
oxidation states of its constituents by exciting core level electrons. The energy region
close to the Fermi energy, i.e. Ebind = 0eV, provides information about the valence band
structure at the surface. In the case of semiconductors, it is possible to extract the dif-
ference between the valence band maximum and the Fermi energy EF − EVBM from latter
measurements. The sample work function can be determined by the energetic position
of the secondary electron cut-off. The latter feature is caused by electrons, which were
inelastically scattered and leave the sample with a kinetic energy of 0 eV.

Photoelectron spectroscopy can be used to estimate atom fractions Cx in a homogeneous
sample as shown in Eq. 3.32. The most common way for a quantitative analysis is based
on the determination of the peak areas Ii and correlating them to atomic sensitivity factors
(ASF). The ASFs depend on the element, the excitation energy and instrument specific
parameters. A set provided by the spectrometer manufacturer is ideally used.

Cx =
Ix/ASFx
∑

Ii/ASFi
(3.32)

The atomic subshell photoionization cross section is specific for each element and orbital
of interest. The photon energy can change the photoionization cross section by several
orders of magnitude [119]. The application of multiple photon sources can therefore be
used to identify the contribution of different orbitals to, for example, the valence band
density of states.

In this work, photoelectron spectroscopy will be mainly used to ensure uncontaminated
surfaces, to determine the dopant surface concentration and the surface potentials of the
as deposited films.

3.3 Electronic Characterization: Conductivity and Hall-Effect

The conductivity is generally defined by the charge of the free carriers, their concentration
and mobility. In the case of n-type semiconductors, electrons as majority carriers are used
for its calculation.

A common measurement technique to determine the conductivity and Hall coefficients
of arbitrarily shaped samples is the van der Pauw method. A four-point probe configura-
tions is used, which is not affected by the contact resistance of the probes. It is applicable
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when the following conditions are fullfilled: contacts are positioned at the circumference
of the sample, sufficiently small contacts are used, a uniform sample thickness is provided
and its surface does not contain any isolating defects.

The sample structure and measurement geometry used in this work, i.e. an electronically
conductive thin film on an insulating substrate with Pt contact pads in the corners, is shown
in Fig. 3.11.
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Figure 3.11: Sample structure as used for conductivity and Hall-effect measurements. Iso-
lating substrate, platinum contacts in the corners and In2O3 based thin film are shown. The
paths of electrons during a Hall-effect measurement is indicated by gray arrows. In this per-
mutation, a current is fed in between contacts 1 and 3 while the Hall voltage is measured
between contacts 2 and 4. The magnetic field is pointing in direction of the z-axis.

The conductivity is determined by imposing a current between two neighboring contacts
and measuring the voltage drop between the remaining ones. In the case of a symmetri-
cally shaped sample, the van der Pauw correction factor is equal to one and σ can be
calculated when the sample thickness t is known:

σ =
ln(2)

π · t · R12,34
(3.33)

R12,34 = V34/I12 is the resistance based on the voltage drop between contacts 3 and 4
while driving the current through contacts 1 and 2.

The so-called Hall effect can be used to determine the carrier concentration. It is based
on charge separation by the Lorentz force, i.e. a force which affects moving charge car-
riers in the presence of an external magnetic field. On the right hand side of Fig. 3.11,
the schematic electron path is shown if a current I13 is applied. The Hall voltage V24, in-
duced by the separation of carriers with opposing charge, is perpendicular to the initial
current and correlated to the Hall coefficient RH . The latter parameter is further defined
as −1/(nHall · e) in the case of n-type semiconductors, leading to the following equation:
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RH =
t · R13,24

B
= −

1
nHall · e

(3.34)

When the conductivity and Hall carrier concentration are known, the Hall mobility µHall
can be calculated using Eq. 2.3. It should be noted here that possible errors due to the
uncertainty of the film thickness affect only σ and nHall while it has no effect on µHall .

Mobilities and carrier concentrations from Hall effect measurements generally have to
be corrected by the Hall scattering Factor rHall:

µ=
µHall

rHall
; n=

nHall

rHall
(3.35)

Since the Hall scattering factor is close to unity for degenerate semiconductors, it can be
neglected for most of the doped and undoped In2O3 thin films [17].

3.4 Magnetron Sputter Deposition

The majority of all thin films prepared in this work were deposited by radio frequency (rf),
reactive magnetron sputtering from planar targets. Basics of this method will be outlined
in the following section. If not explicitly specified, the given information is taken from
[120, 121].

Sputtering in general describes the process of ejecting atoms etc. from a surface by bom-
barding with highly energetic ions. It is therefore not only limited to thin film deposition
but may also be used for other applications. Sputter deposition belongs to the physical
vapor deposition (PVD) methods. PVD comprises several vacuum based techniques involv-
ing material being transferred from a solid state to a vapor phase and then being allowed
to condense on a substrate forming a thin film. Methods basically differ in the way how
the energy, which is required to transfer a material to the vapor phase, is brought into the
initial solid. The term for the initial solid is target when talking about sputtering.

A sketch of the basic setup for a sputter chamber is shown Fig. 3.12. A high voltage is
applied between the target and remaining deposition chamber, sustaining a plasma close to
the target surface. Pressures in the range of 10−3 mbar are required. The most common gas
used for sputtering is argon. It is a comparably low cost inert gas with a sufficient sputter
efficiency. Positively charged Ar ions are accelerated towards the target, which is used
as cathode. Amongst other processes, atoms, secondary electrons and other species are
ejected from its surface by momentum transfer. By placing either an electrically floating or
grounded substrate close to the cathode, part of the vaporized species condense and form
a thin film.

A variety of techniques are available for plasma excitation. Using rf power allows to
extend the range of possible target materials from conductors to insulating dielectrics.
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Figure 3.12: Schematic of a vacuum chamber as used for rf magnetron sputtering.

Generally, lower deposition rates and particles of lower energy are obtained, which may
increase deposition time but film quality as well.

Placing permanent magnets in the cathode assembly behind the target confines the
plasma closer to its surface. The magnetic field forces the moving electrons on cycloidal
paths, which increases the electron concentration nearby. The ionization probability of the
process gas is higher and a lower pressure is required to sustain a plasma. One down-
side of using magnetron cathodes is the inhomogeneous target erosion. The formation of
so-called racetracks significantly reduces the effective material utilization.

Other gaseous species may be added to the process atmosphere. If reactive gases are
added, it is termed reactive sputtering. Oxygen or nitrogen are commonly added to obtain
oxide or nitride films from metallic targets. In the case of In2O3 and related materials,
which are usually deposited from fully oxidized ceramic targets, supplementing oxygen
was found to be a suitable tool to tune the film properties. Deposition under such more
oxidizing conditions leads to oxygen-enriched films due to the bombardment of the sub-
strate with highly energetic oxygen ions [32, 122].
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4 Experimental Procedures

4.1 Optical Spectroscopy

The optical properties of the thin films were analyzed by means of spectrophotometry and
spectrometric ellipsometry.

Transmittance and reflectance measurements were carried out using an Agilent Cary
7000 Universal Measurement Spectrophotometer (UMS), which combines a Cary 7000
UV-Vis-NIR spectrophotometer with a Cary Universal Measurement Accessory (UMA). A
halogen and a deuterium lamp are used as light source for the Vis-NIR and the UV region
respectively. Monochromatization of light is obtained utilizing rotatable diffraction grat-
ings with different line densities for the UV-Vis and NIR regime. The full width at half
maximum intensity of light, i.e. the spectral band width ∆λ can be defined by setting the
exit slit width of the monochromator. A chopper, i.e. a spinning disc consisting of thirds of
reflecting, black and "cut-out" surface, "splits" the monochromatized beam into a reference
and a measurement beam. Two Si/InGaAs detectors are used. One to measure the inten-
sity of the reference beam and a second one to measure in the sample compartment. The
reference beam is directed via mirrors through two static apertures to the reference detec-
tor, while the sample beam passes adjustable apertures and a polarizer before entering the
measurement compartment. Two vertical apertures allow to set the beam collimation and
one horizontal aperture to set the beam height. By adjusting the variable angle polarizer,
the polarization of the measurement beam can be chosen. In the center of the measure-
ment compartment is a rotatable sample stage, which is revolved by the measurement
detector. Angles of the sample stage and the measurement detector can be set indepen-
dently to allow for different measurement modes. The measurement angle is defined as
the angle between the direction of incident light and the surface normal of the sample
while the detector angle as the central angle between direction of incident light and detec-
tor position. For transmission measurements a detector angle of 180 ◦ is maintained while
the sample angle may be freely adjusted. Specular reflection is measured by setting the
detector angle to two times the sample angle.

The range between 2500 nm and 250nm, at a step width of 1 nm and an integration
time of 0.5 s was investigated. The apertures were selected as 3 ◦ vertical and and 1 ◦

horizontal leading to the best general photometric accuracy according to the instrument
documentation. Latter specifications ask for a constant spectral band width of 4nm. Ad-
justing the measurement patch to the sample dimensions, it was necessary to reduce this
value to 3nm. A sample angle of 60 ◦, close to the Brewster angle of In2O3, was chosen for
increased sensitivity. Transmittance and specular reflectance were measured with s and
p polarized light. A baseline was measured each day, meaning a measurement without
sample and at an detector angle of 180 ◦. Those spectra were then used to reference all
consecutive measurements to 100% transmission or reflection.

Spectroscopic ellipsometry was measured on a Sentech SE 850 spectroscopic ellipsome-
ter. The schematic in Fig. 3.6 shows its basic components. Utilization of the retarder
is optional. It is a rotating analyzer ellipsometer with a wavelength range of 250 nm to
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1700nm. Two light sources and two detectors are employed depending on the wavelength
regime. A Xenon lamp in combination with a diffraction grating and Si photodiode array
is used in the UV/Vis region while a halogen lamp in combination with an interferometer
modulated Si/InGaAs sandwich photo-detector is used in the IR range. A motorized go-
niometer allows to measure in an angular range from 40 ◦ to 90 ◦ without changing the
sample position. The height and tilt of the sample can be manually adjusted by moving or
tilting the sample stage. Correct alignment can be verified by an optical microscope.

An incident angle of 60 ◦ was chosen similar to the other optical measurements. The
polarizer angle was set to 45 ◦. The Fourier coefficients S1 and S2 were measured over the
wavelength range from 250nm to 1700nm. By selecting the high accuracy mode in the
spectrometer software Spectraray II, the best signal to noise ratio was provided. It was
resolved to measure the Fourier coefficients since the usage of the retarder is not required
here. This gives access to wavelengths above 1540nm. Prior to each measurement, Scotch
Magic Tape was applied to the back of each sample to avoid reflections from the backside of
the transparent substrates. The tape serves as index matching material, which significantly
reduces reflections at this interface [123].

4.2 X-Ray Diffraction

XRD measurements were carried out by courtesy of Ali Nowroozi, Fachgebiet Materialde-
sign durch Synthese, TU Darmstadt. Diffraction patterns were recorded using a Bruker
D8 Advance (Bruker-AXS) diffractometer in Bragg-Brentano geometry. A ceramic Cu X-ray
tube in combination with a Ni filter, providing Cu Kα radiation with only a minor fraction
of Kβ , was used for the measurements. The step size in 2θ was set to 0.0075 ◦ at a scanning
speed of 0.1 s per step.

4.3 Photoelectron Spectroscopy

Photoelectron spectroscopy using either X-ray or UV radiation was measured routinely
on the thin films. The as deposited thin films were directly transferred into the analysis
chamber without breaking the vacuum to avoid surface contamination. XPS measurements
were usually carried out first but no strict sequence was followed.

A Phi 5700 photoelectron spectrometer equipped with a monochromatic Al Kα X-ray
source and a Helium gas discharge lamp was used. XPS was measured at pressures below
5 × 10−9 Torr. Since a differentially pumped He glow discharge lamp, mounted on the
analysis chamber itself, was used for UPS measurements the latter experiments had to be
carried out at a higher chamber pressure. At a pressure of 7.5× 10−8 Torr in the analysis
chamber, the He I line is dominating. The latter configuration provides photons of mainly
21.2eV.

A constant pass energy, depending on the measurement method, was chosen. XPS sur-
vey measurements were carried out to identify elements present in the samples and to
exclude contaminations. When a clean sample was confirmed by a survey measurement
high resolution spectra of the relevant core levels and valence band region were recorded.
UPS measurements over the accessible energy range were carried out to obtain the sam-
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Table 4.1: Parameters for PS measurements. Pass energy EPass is given in eV, spot size in
µm.

Method EPass eV/step ms/step Spot size
Survey XPS 187.85 0.8 50 800× 2000

High Resolution XPS 5.85 0.05 100 800× 2000
UPS 2.95 0.025 50 �400

ple ionization potential. The relevant settings for each method are given in Tab. 4.1. By
carefully adjusting the measured energy range for each core level, the measurement time
could be significantly reduced. The number of sweeps, i.e. of repetitions each region is
measured, was individually set to obtain an adequate signal-to-noise ratio. Settings for
both of the last steps were chosen by judging binding energy and peak intensity from
survey spectra.

XPS and UPS measurements were done at takeoff angles of either 45 ◦ or 90 ◦. The
alignment of the sample z-height relative to the focus point was done by maximizing the
intensity of the In3d5/2 emission for XPS. The alignment for UPS required a rotation of the
sample to 90◦ relative to the analyzer entrance. A similar procedure as for XPS was carried
out while step-wise rotating until reaching 89◦. Since no signal from the X-ray source can
be measured for a sample angle of 90◦ the shape and intensity of the secondary electron
edge was checked using He I radiation. No major adjustment in position or height were
done at this point. To allow the He lamp to stabilize, at least 5 min passed between ignition
and measurement. A bias of −4V was applied between sample and analyzer during the
UPS measurements to extract electrons leaving the sample with a kinetic energy of 0eV.

To account for the daily variation of the spectrometer work function, silver reference
spectra were recorded on each measurement day. A purpose-built sample was used con-
sisting of a 5× 5× 1.5mm3 piece of solid silver mounted on a sample holder. The silver
reference was cleaned by argon ion etching to remove any kind of contamination. This
sputter procedure was done after aligning for XPS to guarantee that the sample is in the
focus point of the ion gun. The sample was bombarded by Ar ions for 5 min while rotating
around the z-axis at one revolution per minute. An acceleration voltage of 1keV and an
etching area of 6× 6 mm2 were chosen. Survey and high-resolution spectra of the Ag 3d
core level were measured only by XPS and while the Fermi edge was recorded for both
methods. All subsequently measured spectra were shifted according to the daily silver
Fermi energy calibration.

Routine services, e.g. replacement of the X-ray anode and other factors had a tremen-
dous impact on the signal intensity over the course of this work. To compare the core
levels of different samples, a normalization procedure to the overall weighted peak area
was therefore sometimes necessary. This was done using a procedure programmed in the
IGOR Pro analysis software, which references the measured peaks to the area calculated
by Eq. 4.1, where Aall is the overall weighted peak area and A j and ASF j the peak area and
atomic sensitivity factor of the core level emission j.
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Aall =
∑

j

A j

ASF j
(4.1)

Following equations were employed to determine the work function and ionization po-
tential based on the EF − EVBM for XPS and UPS and the energy of the secondary electron
cutoff in UPS. Since UPS is more prone to charging effects, among others due to a higher
photon intensity, work functions were always referenced to the XPS Fermi energy. This
procedure is based on the assumption of a parallel shift of the secondary electron edge
and EF − EVBM for slightly charging samples. As a consequence, the IP determined by UPS
is still valid and by subtraction of EF − EVBM obtained from XPS, a more reliable value for
the work function φX PS can be calculated.

φU PS = hν− ESEC (4.2)

I P = φU PS + EV BM ,U PS (4.3)

φX PS = I P − EV BM ,X PS (4.4)

4.4 Electronic Characterization: Conductivity and Hall-Effect

A homemade conductivity and Hall-effect measurement setup, described in detail else-
where [38, 39], was used to investigate the electrical properties of most of the films.

All measurements were carried out in van-der-Pauw geometry at room temperature.
The measurement current was usually set to 1mA or 5 mA for conductivity and Hall-effect
measurements respectively. The latter values had to be decreased for films with a low
conductivity to avoid running into the compliance of the current source. Delay times of 1 s
and 3 s were used. A magnetic field of 1.3T was applied for the Hall-effect measurement.
To obtain conductivity, carrier concentration and mobility data the film thickness of each
sample was set in the labview routine. The film thickness was determined by means of
a profilometer. The average of at least three measurements was taken. One precondition
was to have no variation of the three significant digits between those measurements for
each sample.

4.5 Thin Film Deposition

Sample preparation, i.e. thin film deposition, was carried out at the Darmstadt Integrated
System for Materials Research (DaisyMat). All films were deposited by reactive or non-
reactive radio frequency magnetron sputtering. Cathodes of the type IX2U 9100, supplied
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by Thin Film Consulting, in combination with a PFG 300 RF rf-generator and match box by
Hüttinger were used. The films were deposited from 2 ” targets with a purity of 99.99%.
The Sn:In2O3 targets were obtained from Kurt J. Lesker Company, all other materials from
Alineason Materials Technology GmbH. All films in this work were deposited in a chamber
exclusively for TCOs. Different cathodes were used for different materials.

The total pressure of the process atmosphere p, the total gas flow f lux tot , the target
to substrate distance dts and the power P were kept constant over all depositions. Stan-
dard conditions are defined as p = 5× 10−3 mbar, f lux tot = 6.6 SCCM, dts = 6.9cm and
P = 25 W. A mixture of argon and oxygen was used with the oxygen content ranging from
0 vol% to 10 vol%. A conditioning of the target prior to each deposition was carried out.
This was done by setting the process atmosphere and running a plasma with closed shutter
for 30 min.

The substrate temperature during the deposition could be adjusted by a radiative heater,
i.e. a halogen lamp positioned below the sample holder. A proportional–integral–derivative
(PID) controller (Eurotherm model 2416) was used to measure a temperature at a refer-
ence point close to the sample holder and adjust the power output of a DC power supply
to keep the temperature during deposition at a constant value. Films were deposited
on either unintentionally heated substrates or at temperatures up to 600 ◦C. The sample
holder was kept at the desired deposition temperature for 1 h before starting the deposi-
tion. The maximum possible rate was used while heating up to the deposition temperature
and a cooling rate of ≤ 10Kmin−1 was used. The process atmosphere was kept during the
cooling period until reaching a substrate temperature below 60 ◦C.

Soda lime glass or fused silica glass were used as substrate. The dimensions of the latter
are 10 × 10 × 0.5 cm3. Soda lime glass was used for depositions carried out at substrate
temperatures up to 400 ◦C, for higher temperatures fused silica was chosen. All substrates
underwent the same cleaning procedure. First they were immersed in acetone and treated
in an ultrasonic bath for 15 min. Followed by rinsing with fresh acetone, isopropyl alcohol,
denatured ethanol and de-ionized water before drying in a stream of nitrogen gas.

Platinum contact pads were deposited on the corners of the substrates after cleaning. A
Quorum Q300T D bench top sputter coater was used. The thickness amounts to roughly
100 nm. The platinum pads fulfill two purposes. They serve as contacts for the conduc-
tivity and Hall-effect measurement on the one hand. On the other hand, a more reliable
electronic contact is established between the sample holder used for the TCO deposition
and the film itself. The latter is important for the PES measurements, which require an
electronic contact of the sample.

The substrates were mounted on sample holders using shadow masks covering roughly
half of a millimeter around the edges. After reaching a stable substrate temperature and
conditioning of the target, samples were placed concentric relative to the cathode to start
the deposition. The final height adjustment was carried out while exposing the substrate
to the plasma since the target to substrate distance during the deposition was closer than
possible with a closed shutter.
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5 Molybdenum Doped Indium Oxide

This chapter is concerned with the analysis of molybdenum doped In2O3 thin films de-
posited under varying conditions. Doping concentrations of 2 mol% and 5mol% molyb-
denum were investigated with the focus on samples with higher dopant content. Oxygen
content of the atmosphere and substrate temperature during deposition were chosen to
adjust the film properties. Structural, electrical and optical film characteristics will be
studied before addressing surface electronic features and chemical composition. Part of
the results presented here have been obtained within the Bachelors thesis of M. Lederer
[124].

5.1 Structural Analysis

To investigate the influence of the deposition conditions on the structure of Mo:In2O3 films,
selected samples doped with 5mol% were studied by XRD. θ/2θ scans were measured
of films deposited at different temperatures under reducing conditions or at 400 ◦C with
varying oxygen content in the deposition atmosphere. The results are shown in Fig. 5.1
and Fig. 5.2. Powder diffraction data were used to reference the reflections as indicated
by the bars at the bottom of each graph.

All reflections, except for the ones at angles of 40 ◦ and 39◦, are consistent with cu-
bic In2O3 according to the International Centre for Diffraction Data (ICDD) pattern
00-006-0416. The reflection at an angle of 40 ◦ can be attributed to Pt (111) (PDF card
87-642), which was used as contact pads in the corners of each sample and is present
depending on the position of the measurement spot. The additional reflection at 39◦,
which can only be observed for the sample deposited at 600◦C, matches to MoO3 (060)
according to the American Mineralogist Crystal Structure Base (AMCSB) code 0017972.
No other reflections of MoO3 are observed, also outside the range shown in Fig. 5.1. The
reason why only one MoO3 reflection is detected is not clear.

The XRD measurements indicate that sputtered Mo:In2O3 films are polycrystalline and
grow in the cubic bixbyite structure similar to In2O3. Since all reflections for samples de-
posited below 600◦C match with In2O3 or platinum, films consisting of a single phase can
be assumed. A second phase seems to be present for the sample deposited at highest tem-
perature, which most likely can be explained by α-MoO3 having an orthorhombic crystal
structure with the symmetry P bnm [125, 126]. Structural characterization of Mo:In2O3
films in literature also exhibit the bixbyite structure [16, 26, 62–64, 127–130]. The thin
films in most of those references were grown at substrate temperatures below 600◦C. But
even for the films grown by PLD at or above 600◦C [128] no evidence for the presence of
a molybdenum oxide phase has been reported.

To evaluate the crystallinity of the shown samples, overall peak intensity can be set in
relation to the intensity of the broad feature at 23 ◦, which is assigned to the amorphous
quartz glass substrate. Since this feature hardly shows any variation for the different mea-
surements due to comparable In2O3 film thickness, a direct comparison of the reflection
intensities can be carried out. Looking at the diffraction patterns shown in Fig. 5.1 no
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Figure 5.1: XRD θ/2θ diffraction patterns of 5 mol% doped Mo:In2O3 films. Deposition
was carried out in argon and substrate temperature was increased from 20◦ C to 600◦ C. Red
bars at the bottom indicate In2O3 reflection angles according to ICDD pattern 00-006-0416.
Reflections due to Pt contacts are marked by a "∗" while the reflection marked with an "x"
is related to MoO3.

significant changes can be observed up to temperatures of 400 ◦C. Slight variations of the
(211), (222) and (400) reflection are observed, but only for the film deposited at 400 ◦C
an increase of the (211) reflection is worth to mention. Further increasing the temperature
or adding oxygen to the process gas leads a significant increase of the (222) reflection.

5.1.1 Effect of Dopant and of Stress on Reflection Angles

In both Fig. 5.1 and Fig. 5.2 the 2θ value of the In2O3 (222) reflection is shown by a dashed
line to follow the reflection angle relative to the reference value. A shift between both can
be observed for almost all cases. According to Bragg’s equation [131] this indicates a
mismatch in the lattice plane spacing of the films and the powder. Two of the possible
explanations, namely influence of the dopant and of stress, will be discussed here.

The dopant is expected to affect the lattice parameters of the film since the ionic radii of
In and Mo do not match perfectly [68]. Further, it is known, that thin films deposited by
sputtering often contain significant mechanical stress [132, 133], which explains a varia-
tion of lattice parameters with deposition conditions. It is hardly possible to separate both
effects in a qualitative X-Ray analysis as done here. Structural refinement of the diffraction
patterns would be an option but is outside of the scope of this work. Nevertheless, some
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Figure 5.2: XRD θ/2θ diffraction patterns of 5 mol% doped Mo:In2O3 films. Deposition was
carried out at 400◦ C substrate temperature and different oxygen contents. Red bars at the
bottom indicate In2O3 reflection angle according to ICDD pattern 00-006-0416. Reflections
due to Pt contacts are marked by a "∗".

conclusions can still be drawn. Therefore, first the influence of the dopant on the lattice
constant of powders and second general effects of stress in thin films will be discussed
before concluding what can be learned in the present case.

To investigate the influence of the dopant onto the lattice parameters, a comparison of
latter values obtained from powder diffraction measurements is reasonable since less dis-
tortion can be expected here [61]. Due to the lack of powder diffraction data for Mo:In2O3,
lattice parameters of Sn:In2O3 and In2O3 are compared. As seen in Tab. 2.1 the ionic radius
of Sn4+ is smaller than the one of In3+, which is analogous to molybdenum and indepen-
dent of its oxidation state [68]. Shin et al. [63] claim this to be the reason for reduced
lattice constants for doped In2O3 thin films. The structural characterization of Sn:In2O3
powder, however, results in a lattice constant larger than for undoped In2O3 [61, 134].
The unit cell expansion is explained by repulsion of the positively charged Sn atoms due
to incomplete charge compensation of Sn• by O′′i . Based on this, a larger lattice constant
should be expected for Mo:In2O3 powders as well.

Stress in thin films may be categorized into compressive or tensile stress and usually
refers to a variation of lattice spacing along in-plane directions [133]. This means, in
a compressive stress state, the spacing of lattice planes perpendicular to the surface is
reduced and for tensile stress vice versa. The Poisson ratio then determines the elonga-
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tion or shortening along out-of-plane directions. Furthermore, it is common to separate
between extrinsic and intrinsic contributions. All stresses, which are not induced by mis-
match of thermal expansion coefficient between film and substrate, are counted to the
intrinsic while thermal expansion mismatch defines extrinsic stress [132].

To exclude an effect of the dopant on the lattice parameters, diffraction patterns of un-
doped In2O3 thin films will be analyzed for stresses induced during the deposition process.
Figure 9.12 in the appendix shows θ/2θ measurements of undoped In2O3 thin films de-
posited at different substrate temperatures. The samples were deposited under similar
conditions as the ones shown in Fig. 5.1 except for a target to substrate distance of 10 cm
and an argon flow of 10 sccm. It can clearly be seen, that the (222) reflection shifts to
higher angles when the substrate temperature is increased. This indicates a reduction of
the lattice parameters along out-of-plane direction. One reason for this may be extrin-
sic stress as discussed by Frischbier [39]. The thermal expansion coefficients of In2O3
(6.7× 10−6 K−1 [25]) and of fused silica glass (0.5× 10−6 K−1 [135]) differ by one order
of magnitude. Higher temperatures lead to less expansion of the substrate as compared to
the thin film during the deposition. After cooling down to room temperature this induces
tensile stress in the film. An increasing lattice constant along in-plane direction and there-
fore decreasing value along out-of-plane directions, i.e. shift of reflections towards larger
angles will be the result.

Comparing the positions of the (222) reflection of In2O3 thin films and the powder,
temperatures below or equal to 200 ◦C lead to a shift towards lower angles while temper-
atures above or equal to 400 ◦C lead to a shift towards higher angles. Taking the powder
diffraction data as a reference value for unstrained films, a transition from compressive
to tensile stress at a certain substrate temperature is indicated. While the explanation for
tensile stress is given above, a possible reason for compressive stress in sputtered films
is the atomic peening effect [136]. Bombardment with ions as well as neutrals during
the growth process leads to a displacement of the atoms from their equilibrium positions,
which in turn causes compressive stress in the film [132].

For Mo:In2O3 thin films similar observations in dependence on the deposition temper-
ature are made. Extrinsic stress in the films is sufficient to explain this evolution. It can
therefore not be concluded whether doping with Mo leads to a larger lattice constant
or not. Overall, a decreasing expansion along the out-of-plane direction with increasing
substrate temperature during the deposition was observed for Sn:In2O3 [115, 137] as well.

The effect of oxygen content in the process atmosphere is not that straightforward.
Increasing oxygen content leads only to a slight variation of the reflection angles. Upon
closer inspection a shift to higher angles can be observed for 0.5 % oxygen content followed
by a shift back to the initial position for 1% oxygen content. In literature an increasing lat-
tice constant is observed when the oxygen partial pressure is increased for both Sn:In2O3
and Mo:In2O3 [60, 128, 137]. Mergel et al. [137] suggest a lattice expansion with increas-
ing oxygen content in the film. The additional oxygen is expected to be incorporated as
interstitial oxygen, which induces lattice strain due to the large ionic radius. The insuffi-
cient amount of data shown here in combination with its inconsistency, however, allows
no conclusion to be drawn.
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From the structural analysis of Mo:In2O3 thin films it was seen, that, similar to Sn:In2O3
and In2O3, both deposition temperature and oxygen content of the process atmosphere in-
fluence crystallinity and reflection angles. Crystallinity and diffraction pattern of a sample
deposited at room temperature do not significantly differ from films deposited at 200 ◦C or
400 ◦C. Under reducing conditions a temperature of 600 ◦C is required to induce serious
change in the diffractogram, even a new phase was found, which most likely is MoO3.
Enhanced intensity of the (222) reflection is obtained when little amounts of oxygen are
added to the deposition atmosphere. Based on a comparison to Sn:In2O3, it can be as-
sumed that the lattice constant of stress-free Mo:In2O3 is larger than the one of undoped
In2O3. It was observed that the (222) reflection shifts from smaller to larger angles as
compared to In2O3 powder diffraction data when the substrate temperature is increased
from room temperature to 600 ◦C. Similar observations were made for undoped In2O3 and
explained by extrinsic stress caused by different thermal expansion coefficients between
film and substrate. Whether the stress state is changing from a compressive to a tensile
cannot be concluded.

5.2 Electronic Properties, Conductivity and Hall-Effect Measurements

The effect of the deposition conditions on the charge carrier concentration and mobil-
ities as obtained from conductivity and Hall-effect measurements will be discussed in
this section. All measurements were carried out at room temperature in a home-made
Conductivity-Hall-Setup in Van der Pauw configuration as described by Wachau [38].

It is well known that the oxygen content in the atmosphere and substrate tempera-
ture during deposition significantly affect the electronic properties of doped and undoped
In2O3 thin films. Several articles investigating Mo:In2O3, concerning variation of the lat-
ter parameters are available as well and will be used in the following to evaluate the data
obtained in this thesis [10, 64, 128, 129, 138–140]. Carrier concentration, mobility and
conductivity values of 5mol% doped Mo:In2O3 films deposited at varying conditions are
shown in Fig. 5.3. The top row presents samples at a constant substrate temperature of
400 ◦C and varying oxygen content in the process atmosphere. In the bottom row films
prepared in pure argon at different substrate temperatures are shown.

An increasing oxygen content leads to a overall reduction of all values. While the carrier
concentration is monotonically decreasing with increasing oxygen content in the process
gas, both the mobility and the conductivity first increase for 0.5% and 1% O2 and then
decline. Temperature variation leads to a different picture. The carrier concentrations are
constant and rather low for temperatures of 200 ◦C and below. When this temperature
is exceeded, the carrier concentration abruptly increases by one order of magnitude and
remains rather constant for higher temperatures. The mobility initially increases with tem-
perature and reaches a maximum of 58.9 cm2(Vs)−1 at 350 ◦C. Beyond this temperature
lower mobilities are measured reaching almost 0 cm2(Vs)−1 at 600 ◦C. As a consequence,
the conductivity is low either for lowest or highest substrate temperatures and reaches a
maximum around 400 ◦C.

A decreasing carrier concentration upon the addition of oxygen to the process atmo-
sphere indicates that a rising oxygen content in the film leads to a lower number of
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Figure 5.3: Electron mobility, carrier concentration and conductivity of 5 mol% doped
Mo:In2O3 films deposited at a substrate temperature of 400◦ C and varying oxygen con-
tent in the process atmosphere (top) and at different substrate temperatures in pure Ar
atmosphere (bottom). Conductivity and Hall-effect measurements were carried out for
the determination of the presented values.

effective dopants. Discussion of this fact on the topic of Mo:In2O3 can be found in lit-
erature [10, 64, 128, 129, 138, 139]. Since those are based on what was published for
In2O3 and Sn:In2O3, a brief summary will be given here. The concentration of oxygen
vacancies determines the number of free charge carriers in In2O3 [59], while it is of mi-
nor importance for Sn:In2O3. In donor-doped In2O3 thin films, the carrier concentration
due to the dopant will outweigh the ones due to oxygen vacancies except for overre-
duced samples [21]. Neutral defect associates, (2Sn•InO′′i )

x in the case of Sn:In2O3, are
made responsible for a stagnation in carrier concentration when the dopant concentra-
tion is increased beyond a certain value. Since those defect associates are composed of
the dopant and interstitial oxygen, a correlation between oxygen content in the film and
the carrier concentration is evident. Incorporation of Oi

′′, which will be more acute with
increasing oxygen content in the process atmosphere, leads to the formation of neutral
defect associates and causes a reduction of effective donors and thereby of the free carrier
concentration.
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The presence of defect associates is widely accepted in the case of Mo:In2O3 thin films
and adequate to explain decreasing carrier concentrations with increasing oxygen content
in the process atmosphere. Since uncertainties concerning the oxidation state of molybde-
num are still present, no unison solution for the defect associate can be given. A detailed
discussion of the Mo oxidation state in Mo:In2O3 will be carried out in Sec. 5.4.

The observation that a certain amount of oxygen is required to obtain the highest mo-
bility is as well confirmed by several articles [10, 64, 128, 129, 138, 139]. Whether severe
oxygen deficiency and thereby induced lattice structural disorder [139] is an explanation
for the reduced conductivity under reducing conditions is questionable. One more plausi-
ble reason for the initially increasing mobility is the enhanced crystallinity of the thin films
when little amounts of oxygen are added [128, 138]. This is consistent with the X-ray
diffraction patterns shown in Fig. 5.2.

Increasing numbers of defect associates are expected when more oxygen is present dur-
ing the deposition. This in turn boosts the number of neutral impurities functioning as
scattering centers [64, 138]. In case of Sn:In2O3 these associates have a quite large scat-
tering cross-section [21]. Since the loosely bound interstitial oxygen is made responsible
for this, the assumption of a large scattering cross-section should be valid for Mo:In2O3
as well. In the case of polycrystalline films, scattering at grain boundaries has to be con-
sidered as mobility limiting factor for not too high carrier concentrations [15, 77, 78].
According to the Seto-model, these potential barriers at the grain boundaries are affected
by the carrier concentration [78]. Frischbier et al. [15] recently showed, that these bar-
riers vanish for differently doped In2O3 thin films if the carrier concentration reaches a
certain level. A rising number of scattering centers and increasing grain boundary barriers
are a plausible explanation for the reduction of the mobility when more oxygen is added
to the process atmosphere.

A sudden jump in conductivity when a certain substrate temperature is exceeded was
already reported by van Hest et al. [140]. The temperature regions for this differ between
their work and what was found in this thesis, though. While temperatures above 400 ◦C
were required in literature, here it is found that the transition already starts at 400 ◦C. The
observed jump in charge carrier concentration may confirm the suggestion of a minimum
substrate temperature required to activate the dopant [140]. Assuming that this process
goes with dissociation of the defect associates [63, 141, 142] the jump in carrier con-
centration can be explained and, due to a reduction of very effectively scattering neutral
impurities, the larger mobility as well. Increasing mobility due to enhanced crystallinity as
a result of higher substrate temperature [128] cannot be confirmed when the XRD mea-
surements shown in Fig. 5.1 are considered. In contrast to some articles [128, 140, 142]
a decreasing mobility and therefore conductivity is observed at temperatures exceeding
400 ◦C. From the XRD pattern of the sample deposited at 600 ◦C shown in Fig. 5.1 the
presence of a MoO3 phase was concluded, which may be the reason for the very low
mobility values.

Results of all conductivity and Hall-effect measurements performed on Mo:In2O3 thin
films in this work are summarized in Fig. 5.4. The marker colors indicate the substrate
temperature during the deposition while the marker size emphasizes the oxygen content
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in the process atmosphere. Next to the previously discussed 5 mol% Mo containing films,
data of 2mol% doped Mo:In2O3 films are also included. Due to a smaller sample number,
no detailed discussion about the latter will be given here. They shall mainly be used to
point out the influence of dopant concentration onto the electronic properties. It must be
noted that, some of the 2 mol% doped Mo:In2O3 thin films exhibit carrier concentrations
above 3× 1020 cm−3. This is higher than any value obtained with a dopant concentration
of 5mol% and might result from a measurement artifact. The samples will thus not be
considered in the following. The solid line in Fig. 5.4 represents the calculated dependency
of the mobility on the carrier concentration based on a model for In2O3 single crystals [17].
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Figure 5.4: Electron mobility is plotted over the carrier concentration of 2 mol% and 5 mol%
doped Mo:In2O3 films deposited at various substrate temperatures and oxygen contents
in the process atmosphere. The solid line shows the calculated values µ (n) for In2O3 single
crystals [17]. Conductivity and Hall-effect measurements were carried out for the determi-
nation of the presented values. Substrate temperatures are indicated by the marker color
according to the given scale, while the marker size represents the oxygen content, which is
varying between 0 % and 10 %.

Considering the data shown in Fig. 5.4, the influence of substrate temperature and oxy-
gen content on the electronic properties of Mo:In2O3 thin films, as discussed before is valid
even in context of a larger sample number. A substrate temperature of 400 ◦C leads to the
highest carrier concentrations under most reducing conditions while the highest mobilities
are obtained by adding some oxygen to the process atmosphere. Increasing oxygen content
and lower deposition temperature result in lower carrier concentrations as well as mobil-
ities. Films deposited at a temperature of 600 ◦C show a very low mobility whilst carrier
concentrations remain quite high. At high carrier concentrations, the highest measured
mobilities match the values expected for In2O3 single crystals, supporting the vanishing
influence of grain boundary barriers [15].

Thin films doped with 2 mol% molybdenum show a temperature dependence compa-
rable to the higher dopant concentration: mobilities and carrier concentrations increase
with increasing substrate temperature up to 400 ◦C. It is pointed out that the lower dopant
concentration leads to higher mobilities under similar deposition conditions. This leads
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to the conclusion that a dopant concentration of 5mol% molybdenum already results in
over-doping and therefore worse electronic properties.

A number of articles in literature deal with the determination of the optimum molyb-
denum content [16, 130, 140, 142–144]. Over-doping is reported for molybdenum con-
centrations larger then 0.5mol% [144] while others find best results for concentrations of
5 mol% [16]. Since the films in the mentioned articles were grown by different techniques
and the determination of the dopant concentration is not the same as well, discrepancies
for the doping limit may be related to the deposition technique. In Sec. 5.4.3 it will be
shown that the bulk Mo content of the nominally 5 mol% doped films in this work is closer
to 2.2mol%. This is similar to the doping limit of 2mol% molybdenum, obtained by van
Hest et al. [140] who deposited their films by co-sputtering from In2O3 and MoO3 targets.

5.3 Optical Analysis

In the following section transmission and reflection data of 5 mol% doped samples, de-
posited under varying oxygen content or substrate temperature, will be discussed. After-
wards a short comparison between different dopant concentrations will be given. The
measurements were carried out with the Agilent Cary7000 spectrophotometer, over a
wavelength region from 250 nm to 2500nm, covering the UV, Vis and NIR region. It is
pointed out that the presented spectra were measured using p polarized light, at an in-
cident angle of 60 ◦, which is close to the Brewster angle of In2O3. The measurements
therefore tremendously differ from spectra recorded at normal or near normal incidence
and interference effects are only weakly pronounced.
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Figure 5.5: Transmittance (left) and reflectance (right) spectra of 5 mol% molybdenum
doped In2O3 thin films on glass. The samples were deposited in argon atmosphere at
different substrate temperatures. The solid and the dashed black lines indicate spectra of
either quartz or soda lime glass. Measurements were done at an incident angle of 60 ◦

using p polarized light.

In Fig. 5.5 and Fig. 5.6 transmittance spectra are shown on the left while reflectance is
shown on the right. Spectra for substrate temperature variation are shown in Fig. 5.5 and
spectra for oxygen content variation at a substrate temperature of 400 ◦C in Fig. 5.6. The
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Figure 5.6: Transmittance (left) and eflectance (right) spectra of 5 mol% molybdenum
doped In2O3 thin films on glass. The samples were deposited at a substrate temperature of
400 ◦C. An Ar/O mixture with varying amount of oxygen was used as process atmosphere.
The solid and the dashed black lines indicate spectra of either quartz or soda lime glass.
Measurements were done at an incident angle of 60 ◦ using p polarized light.

corresponding spectroscopic ellipsometry measurements are shown in Fig. 9.5. Either soda
lime glass or quartz glass are used as substrate. The spectra of the substrates are included
in the graphs. Quartz glass is transparent over the entire wavelength region. Since the
onset of transmission signal of each sample is at a longer wavelength as compared to soda
lime glass the two different substrates hardly affect the resulting spectra. Subwindows
in the transmittance graphs show the enlarged transmission onset for a more detailed
discussion.

The deposition conditions are the major origin of the different optical properties of
the presented films. Since the film thickness may differ between 200 nm and 400 nm
it can not be completely neglected. Interference effects are rather low under the given
experimental conditions. Therefore, a variation of film thickness will mainly affect the
absolute transmission values.

There are several articles investigating the impact of dopant concentration, oxygen con-
tent and deposition temperature on the optical properties of doped and undoped In2O3
thin films [5, 10, 16, 43, 48, 63, 64, 115, 127–130, 136, 139, 140, 142, 145–147]. Inde-
pendent on dopant, quite similar observations were made, which will be used to explain
the features of the spectra in more detail. Both the onset of absorption below a certain
wavelength and reflection above a certain wavelength strongly vary between samples. At
the end it is mostly the free carrier concentration of the films, which is causing the different
shapes of the spectra.

From the inset in Fig. 5.5 a clear blue-shift of the absorption onset for increasing sub-
strate temperatures is visible. An opposite trend can be observed for increasing oxygen
content. The absorption onset is shifting to longer wavelength when more oxygen is added
to the process atmosphere. In the latter case, however, the shift is not as apparent as for
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the temperature series. Values for the optical band gap, obtained from simultaneously
fitting transmittance and reflectance spectra as well as ellipsometry data, are shown at
the top in Fig. 5.7, either plotted versus substrate temperature or oxygen content in the
process atmosphere. A more substantial number of samples is considered as compared to
the ones shown in the above displayed spectra. The OJL model, described in Sec. 3.1.5,
was used to model the band gap absorption. This model is based on assumptions, which
are not valid for degenerately doped TCOs. Therefore, band gap values given in Fig. 5.7
are not expected to resemble the actual film properties but still to reflect the influence of
the deposition conditions on the magnitude of the optical band gap.

A variation of the optical band gap in the range of 2.9 − 3.8eV is observed. In litera-
ture values between 3.6 − 4.3 eV are reported for Mo:In2O3[16, 64, 127, 138, 139, 144].
Considering that band gaps were determined in literature using Tauc plots or similar pro-
cedures, it can be confirmed that the OJL model leads to a significant underestimation
when applied to doped In2O3, as also discussed by Mendelsberg et al. [81]. Using the
extrapolation-based method described by Dolgonos et al. [103] to directly get the optical
band gaps, values in the region between 3.6 − 4.2 eV are obtained in this work. Inde-
pendent on how the optical band gap is determined, deposition conditions have a similar
influence. Since a qualitative description is sufficient at this place, the effects of tempera-
ture and oxygen content will be discussed based on the values obtained from the optical
simulation. For temperatures up to 400 ◦C a more or less linearly increasing optical band
gap is found for each oxygen partial pressure, followed by a plateau at higher tempera-
tures. Adding oxygen leads to a decreasing optical band gap. The deposition temperature
is the dominant factor though.

The next feature that is strongly affected by the deposition conditions is the limit of the
transparency window in the near infrared, i.e. where free carrier absorption starts and
reflectance increases while transmittance decreases. In Fig. 5.5 it can be seen that this
position, for samples deposited below 300 ◦C, is shifted so far into the infrared, that it
cannot be measured with the used equipment. Substrate temperatures > 300 ◦C lead to
transparency windows limited by roughly the same wavelength. The slope and maximum
value differ for different temperatures. A rather monotonous variation of the transmittance
window can be seen in Fig. 5.6 when the oxygen content in the deposition atmosphere is
varied. More oxygen leads to a shift further into the infrared, reduction of the slope and
increasing total transmittance.

A more quantitative way to define the limit of the transparency window in the near
infrared is the plasma energy EP . It can be derived from the simulations of the optical
constants if the Drude model is used as described in Sec. 3.1.5. Or, if the optical constants
were obtained differently, EP may be taken as the energy where the real part of the dielec-
tric function approaches zero [48]. According to the Drude model or free electron theory,
the plasma energy increases with carrier concentration [48, 140]. Values for EP of several
samples are shown in the bottom graphs in Fig. 5.7, plotted against substrate temperature
or oxygen content. The displayed data are in agreement with literature [75] and confirm
what has been learned from the qualitative analysis of the transmittance and reflectance
spectra. More oxygen leads always to lower values while the temperature hardly has an
effect above 300 ◦C.
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Figure 5.7: Optical band gap and plasma energy plotted versus substrate temperature or
oxygen content of process atmosphere. Values obtained from simultaneously fitting trans-
mission, reflection and ellipsometry spectra of 5 mol% molybdenum doped In2O3 thin films
deposited on glass. The samples were deposited at varying substrate temperatures and
oxygen partial pressures. Marker colors indicate oxygen content or substrate temperature
respectively, as indicated by the color scale. The marker size of samples deposited either at
400 ◦C or at 0 % oxygen is increased.

So far, the observations allow a first comment on the effect of the deposition conditions
onto the optical carrier concentration nopt . It has to be pointed out that nopt must not
coincide with the carrier concentration obtained by other methods, as will be discussed
later. Both, EP and EG,opt increase with temperature, at least until 400 ◦C, and decrease
with addition of oxygen. According to Burstein [112] and Moss [113] and the Drude model
[48] those results indicate an increase of nopt up to the latter deposition temperature and
a reduction by addition of oxygen.

A number of authors have observed a decreased transmittance in the wavelength region
between approximately 350nm to 600nm for Mo:In2O3, related to the deposition con-
ditions [10, 64, 127, 129]. Sun [64], Yoshida [10] and Li et al. [129] assume a second
phase to be responsible while Elangovan et al. [127] excluded this explanation by XRD
measurements and state that varying film stoichiometry is the reason, without providing
a composition analysis. Having a look at the spectra shown in Fig. 5.5 and Fig. 5.6, no
decreased transmittance can be seen. A variation of transmittance with the deposition
conditions is indisputable but over the whole transparency window of each sample and
not only for the above given specific wavelength range. From the oxygen series a sim-
ple relation is found: less oxygen leads to a lower overall transmittance, a blue shift of
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the absorption edge and a decreasing EP . For the temperature series, however, it is not
that straightforward. While samples deposited either at the lowest or the highest tem-
peratures show the highest transmittance, substrate temperatures around 400 ◦C lead to
rather low values. A difference in carrier concentration therefore allows not always to
draw conclusions about the film transmittance [64, 147].

In summary this section emphasizes the effect of deposition conditions on the opti-
cal properties of Mo:In2O3. The rather systematic Burstein-Moss shift and variation of
the plasma frequency indicate different carrier concentrations, which fits to the results
obtained from conductivity and Hall-effect measurements. A comparison between both
methods will be carried out in Sec. 5.3.2. While some authors claim an overall depen-
dence of transmittance on the carrier concentration [64, 147], the observations here are
not fully coherent with the former mentioned indicators.

5.3.1 Influence of Dopant Concentration onto the Optical Properties

Looking at the VIS region in Fig. 5.5 and Fig. 5.6 it is apparent that films showing a high
conductivity have a maximum transmittance of roughly 70%. This value is rather low
and even falls below the maximum transmittance of Sn:In2O3 thin films with a dopant
concentration of 10 % and higher conductivities. In Sec. 5.2 lower mobilities of 5mol%
doped samples compared to lower dopant concentration and to literature was already
suspected to be caused by over doping. Figure 5.8 shows transmission (dashed lines) and
reflection (continuous lines) measurements of two Mo:In2O3 samples, deposited under
similar conditions, i.e. 400 ◦C in 0 % oxygen, but with different dopant concentration.
The black and gray traces correspond to a dopant concentration of 5mol% and 2 mol%,
respectively. Electronic properties of the films are given in Tab. 5.1.

80

60

40

20

0

T
ra

n
s
m

it
ta

n
c
e

 o
r 

re
fl
e

c
ta

n
c
e

 i
n

 %

2500200015001000500
Wavelength in nm

2 mol%
5 mol%

Figure 5.8: Transmittance and reflectance spectra of two Mo:In2O3 thin films deposited
at 400 ◦C in 0 % oxygen from a target with a concentration of either 2 mol% or 5 mol%
molybdenum.

The 2 mol% Mo:In2O3 thin film has a significantly higher transparency in the visible
region and a lower plasma frequency while exhibiting a higher conductivity as compared
to the 5 mol% Mo:In2O3 sample. A slightly lower carrier concentration and a considerably
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higher mobility of the 2 mol% doped sample can explain these observations. Similar optical
band gaps can be estimated from the transmission onset, which is not expected based
on the difference in carrier concentration. The enhanced transparency, reaching further
into the infrared, and the increased conductivity of the 2mol% doped film support the
assumption that a dopant concentration of 5 mol% already leads to overdoping.

Table 5.1: Electronic properties of the two samples shown in Fig. 5.8. Conductivity, car-
rier concentration and mobility were determined by conductivity and Hall-effect measure-
ments.

σel in Scm−1 µHall in cm2V−1s−1 nHall in cm−3

2 mol% 5503 81.7 4.20× 1020

5 mol% 4540 47.1 6.02× 1020

5.3.2 Comparison of Electronic properties obtained from Conductivity-Hall-Effect

and Optical Measurements

In Fig. 5.9 electrical properties determined by conductivity and Hall-effect measurements
are compared to the results from simulation of the optical spectra. Only one data point is
from a 2mol% doped sample (open circle) while all others are from 5 mol% thin films (full
circles). The optical band gap obtained from the OJL model plotted versus n2/3

Hall is shown
in Fig. 5.9(a). The values based on the OJL model are significantly underestimating EG,Opt
as discussed in Sec. 5.3. The linear behavior still indicates that the Burstein-Moss effect is
responsible for the band gap widening. A correlation like EG,Opt ∝ n2/3 is expected in this
case, see Eq. 3.30.

Fig. 5.9(b) and Fig. 5.9(c) compare the optically and electrically determined carrier
concentrations and mobilities respectively. Gray markers represent values obtained from
optical simulations based on a constant effective mass of 0.3m∗. Black markers indicate
data points, which were calculated using Eq. 5.1 assuming a carrier concentration depen-
dent effective mass according to Ref. [148].

m∗ (Sn : In2O3) =
�

0.297+ 0.011× 10−20nHall

�

m0 (5.1)

Only samples with nHall larger than 1020 cm−3 were considered, since otherwise free
carrier absorption is shifted too far in the infrared and is not in the measurement region
anymore. In this case a simulation using the extended Drude-model does not lead to
reliable results.

For a non-constant effective mass a linear correlation between the carrier concentrations
can be seen. Since the slope is unity, both methods yield similar values for this parameter.
A rather poor agreement between optical and Hall mobilities is apparent from Fig. 5.9(c).
It has to be pointed out that the determination of the mobility from optical measurements
is based on the oscillation of free electrons excited by light. Since the actual extend of mo-
tion is much less as compared to DC Hall-effect measurements, where the carriers travel
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Figure 5.9: Comparison of optical band gap, with Hall carrier concentration (a), optical
and Hall carrier concentration (b) and optical and Hall mobility (c). Data points of all
measured samples are shown in (a). In (b) and (c) samples with a carrier concentration
above 2×1020 cm-3 are considered. Grey markers represent optical mobilities and carrier
concentrations calculated for an effective electron mass of 0.3 me and black markers for an
effective mass, which is a function of the carrier concentration.

through the whole sample, the optical mobility is said not to suffer from grain boundary
scattering and therefore represent the mobility in a grain [89, 148]. An almost constant
optical mobility can be seen. For the majority of data points µOpt < µHall is found. This is
not expected if the last statement is correct as grain boundaries cannot lead to an enhance-
ment of the mobility. In literature both a good agreement or an independent behavior of
Hall and optical mobilities are reported [14, 81, 89, 137, 148, 149]. The reliability of the
results seems to be increased if the measurements reach further into the infrared [14, 149].
No clear explanation for the unreasonable optical mobilities presented in Fig. 5.9 can be
given so far.

5.4 Photoelectron Spectroscopy

5.4.1 X-Ray Photoelectron Spectroscopy

In Fig. 5.10 X-ray photoelectron spectra of a 5 mol% Mo:In2O3 film are displayed. Film
deposition was carried out under standard conditions at 400 ◦C in a process atmosphere
containing 0.5% O2. O1s, In3d5/2, Mo3d core level and the valence band region are
shown. Additional to the measured Mo3d signal the calculated background, a simulated
spectrum and its components are displayed. The fit was done after background subtraction
using three Gaussian doublets MoI - MoIII. The simulated spectrum and background is
shown as a gray solid line while the components can be identified according to the given
legend.
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Asymmetric shapes as observed for the O1s and In3d5/2 peaks are explained by plasmon
screening of the core-hole [150]. High carrier concentrations are required for this effect
to contribute to the asymmetry of the spectra.
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Figure 5.10: XPS O1s, In3d5/2, Mo3d core level spectra and valence band region of a 5 mol%
doped Mo:In2O3 film deposited at 400 ◦C in a process atmosphere containing 0.5 % O2. Fit
and background of the Mo3d emission, shown as solid gray lines, are included. Compo-
nents MoI - MoIII are shown as defined in the legend.

It is self-evident to explain the appearance of multiple components in the Mo3d spectrum
with the presence of different oxidation states. Assignment of the latter to the visible
components in Mo:In2O3 is often based on observations made on molybdenum oxide or
other compounds [16, 62, 142]. Despite of more than 40 years of research and ESCA
studies a controversial discussion about the oxidation states in molybdenum oxide is still
ongoing [151–160]. A short summary will be given next.

Molybdenum possesses multiple oxidation states, i.e. Mo0, Mo2+, Mo3+, Mo4+, Mo5+

and Mo6+ [152, 153]. It is known to form MoO3 and MoO2 as stable oxides [151, 152,
161, 162]. Based on XPS measurements of oxide compounds, oxidation states from Mo4+

to Mo6+ were identified [151–160, 163]. Tab. 5.2 lists Mo3d5/2 binding energies and
assigned oxidation states for molybdenum oxides and Mo:In2O3 as given in literature. The
majority of publications account for three oxidation states while some explicitly exclude
Mo5+.

Under the assumption that three oxidation states are present, the binding energy of
Mo3d5/2 for Mo6+ is found between 232.4eV − 232.7 eV, for Mo5+ between 231.0eV −
231.6eV and for Mo4+ between 229.1eV − 229.6 eV [154–160, 163]. Subsequently MoI
would be related to Mo6+, MoII to Mo5+ and MoIII to Mo4+, assigning the components of
the Mo3d5/2 emission displayed in Fig. 5.10.

Brox et al. [152] propose Mo4+ to show two components due to the screening of the
core-hole. Accordingly MoII is assigned to unscreened and MoIII to screened Mo4+ pho-
toelectrons. This view is suggested by Scanlon et al. [151] who studied the electronic
structure of different molybdenum oxides theoretically and experimentally. One corner-
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Table 5.2: Literature values of Mo3d5/2 binding energies for different oxidation states,
only considering molybdenum oxide, and Mo:In2O3. a two different Mo4+ components,
at 229.6 eV and 230.2 eV, are mentioned here. b the value was estimated from a spec-
trum given in the reference. c a third, plasmon loss peak shifted by ≈0.6 eV is reported.
Aerosol-Assisted Chemical Vapor Deposition AACVD. Atmospheric-Pressure Mist Chemical
Vapor Deposition APMCVD. Magnetron Sputtering ms.

Binding energy Mo3d5/2 in eV

Ref. Compound Mo6+ Mo5+ Mo4+ Mo4+
screened Mo

[163] MoO3 thin film 232.7 231.6

[159] MoO2 molybdenum foil 226.1

MoO2 foil oxidized 230.4

MoO2 powder oxidized 230.6

MoO2 powder oxidized 232.5 230.9

[158] MoO3/Co interface 232.7 231.1 229.6a

[157] MoO3/Co interface 232.7 231.1 229.6

[156] MoO3 thin films, reduced 232.4 231.0 229.3 228.0

[155] nano powder 231.5

[154] MoO2 229.1

MoO3 232.6

Mo2O5 231.6

[152] Mo oxidized 232.7 231.1 229.5 227.9

[151] MoO3 single crystal 232.5

MoO2 powder 231.0 229.3 228.3

[62] Mo:In2O3 thermal evap. 232.8

[10] Mo:In2O3 rf-ms 233.0 231.1b

[64] Mo:In2O3 plasma evap. 232.6

[63] Mo:In2O3 rf/DC co-ms 232.6

[16] Mo:In2O3 AACVD 232.5 231.3

[142] Mo:In2O3 APMCVD, ms 232.5 231.5

[26] Mo:In2O3 AACVD 232.5 231.2c

stone for the two latter articles is that MoO3 and MoO2 are the only stable molybdenum
oxides.

Other authors acknowledge the instability of Mo2O5, as it would be required for Mo5+,
but present certain conditions when Mo5+ supposedly is stable. For example Dhas et al.
[155] report a stabilization upon incorporation of small atoms.
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A recent article by Baltrusaitis et al. [153], establishing a new XPS data processing
method on the example of molybdenum oxide, is aware of both positions but remain
unclear about the existence of Mo5+. White et al. [164] simply denotes the observed ad-
ditional component as Mox+. Finally both camps agree that non-stoichiometric Magneli
phases like MonO3n-1 will have mixed valence but do not explicitly appoint the resulting
oxidation states. [151, 153, 163].

The discussion in literature differs in the case of Mo:In2O3. In photoelectron spectra
for a variety of Mo:In2O3 films, deposited by several methods and with different doping
concentrations only two doublets for Mo3d are discussed [10, 16, 62–64, 142]. As can
be learned from Tab. 5.2 the high energy component appears at a binding energy which
fits well to Mo6+ in molybdenum oxide. Meanwhile the binding energy of the low energy
component matches either the Mo5+ or the unscreened Mo4+ state. All articles which
observe the low binding energy component, address it to Mo4+. Yoshida et al. [10] propose
Mo4+ without discussing the assignment. This view is later adopted by others. Yamada
et al. [142] make the decision based on references only assigning Mo4+ to components
with a binding energy around 231.0eV. It has to be noted that, upon closer inspection
of the spectrum presented in the latter article a third component is present, which was
ignored in the discussion. Bhachu et al. [16] explicitly ascribe the low binding energy
component to unscreened Mo4+ states and base their decision on the article of Scanlon
et al. [151]. Further indication for the presence of Mo4+ in the bulk is given by X-ray
absorption spectra (XAS) comparing MoO3, MoO2 and Mo:In2O3. Their explanation for
the missing screened component in the XP spectra is that, due to the minimal contribution
of Mo4d states to the valence band in Mo:In2O3, no local final state screening is to be
expected. Reconsidering the spectrum shown in Ref. [151], however, another explanation
may be the modest signal to noise ratio, which makes it hard to conclude over the presence
of a third component.

Catalan et al. [141] investigated the oxidation state of molybdenum in Mo:In2O3 by ex-
tended X-ray absorption fine structure (EXAFS) measurements of amorphous films before
and after annealing. Their conclusion is that after the deposition mainly Mo6+ is present,
situated on In lattice sites, which changes to Mo4+ after annealing. Excess charge carriers
due to the Mo6+ oxidation state are compensated by interstitial oxygen.

Wrapping up the literature review, the 6+ oxidation state can be pretty reliably assigned
to MoI, while no final conclusion for the oxidation state of the other two components MoII
and MoIII can be drawn. For simplicity’s sake, however, MoII will be addressed as Mo5+

and MoIII as Mo4+ in the following.

The valence band structure of Mo:In2O3 is very similar to that of In2O3 in general. There
are several studies based on computational calculations combined with different analyti-
cal techniques investigating the valence band region of those materials [16, 51, 165–167].
The In2O3 valence band maximum is dominated by O2p states. Hybridization with In4d
at the top, In5p in the middle and In5s states at the bottom contribute to the final shape.
Upon doping, characteristic features may appear. When doped with molybdenum no ma-
jor changes occur to the shape of the valence band according to first principle calculation
[16]. New states, however, appear in the band gap. For molybdenum oxides containing
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other oxidation states than 6+ similar observations were made [156, 160, 162]. From cal-
culations as well as from comparison to molybdenum oxide, these states can be attributed
to emissions from Mo4d orbitals.
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Figure 5.11: XPS valence region of two 5 mol% molybdenum doped In2O3 thin films on
glass, deposited at 400 ◦C either in pure argon or in 10 % O2/Ar mixture. The spectra on
the left were shifted and scaled so valence band onsets and top slopes match. On the right
only valence band onset with reference lines to determine the valence band maximum are
shown.

XPS measurements of the valence band region for two different samples deposited at
a substrate temperature of 400 ◦C either in pure argon or in a 10% O2 containing at-
mosphere are shown in Fig. 5.11 on the left. The spectra were shifted for similar valence
band onsets and scaled to match in intensity. The valence band width is not affected by the
deposition conditions. Under oxidizing conditions a larger initial increase and a sharper
cutoff at low binding energies can be observed. Having a look at the O2p partial density
of states, two distinct features are present in those regions [16]. More oxygen during the
deposition will result in an enhanced incorporation into the film giving rise to stronger
oxygen signals, which in turn explains the latter observation.

A common way to determine the valence band maximum EVBM from photoelectron mea-
surements is to linearly extrapolate the leading edge and the background [168] as shown
on the right side of Fig. 5.11. The energy of the intersection of both lines then represent
EVBM. It was shown before that this method leads to an underestimation of EVBM of In2O3
and Mo:In2O3 [16, 51]. Calculated valence band density of states show an almost vertical
onset. In combination with instrumental and life time broadening, however, a deviating
slope will be measured, leading to an error. For Mo:In2O3 films the deposition tempera-
ture affects the slope of the onset up to 200 ◦C, which can be explained by low temperature
films being less crystalline as indicated by XRD measurements. This means not only a rigid
shift of the valence band density of states but also a variation of the onset for different
crystallinity leads to altered values of EF − EVBM.

For reduced In2O3, Sn:In2O3 and SnO2 samples emissions on the low binding energy
side of the valence band could be observed [41, 169]. Those band gap states were at-
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tributed to partially unsaturated cations [41]. Due to the presence of Mo4d states in the
band gap of Mo:In2O3, however, a similar effect is difficult to observe.

In case of the Mo3d core level up to three components due to distinct oxidation states
or screening could be clearly seen. A differentiation of the components contributing to the
Mo4d emission in the band gap is hardly possible given its low intensity. Some notes can
still be made. The occupation of s orbitals for transition metal elements in bound state is
in general rather low. The electronic configuration of a bound molybdenum atom can be
expressed by [Kr] 4d6−q5s0, with q the oxidation state [170]. Based on this a maximum
of two components can be expected for Mo4d, since no Mo4d valence electron remains
for the Mo6+ state and therefore cannot be measured by XPS. This means, that Mo4d
states are an indicator for the presence of molybdenum in an oxidation state less then 6+.
It is hard to predict chemical shifts or hole screening for the Mo4d core level based on
observations made on the Mo3d core level [116]. For various molybdenum oxides and
Magneli phases two band gap states are reported in literature based on simulations and
photoelectron spectroscopy measurements [151, 156, 171, 172]. A conclusive explanation
is not given and it cannot be clarified whether one or two components contribute to the
observed valence band state.

As shown in Fig. 5.11 more oxygen in the process atmosphere leads to a lower intensity
of the band gap state and a variation of its energetic position. Binding energies of this
state are plotted over In3d5/2 binding energies, which is shown in Fig. 5.12. The energetic
position of the band gap state was determined by fitting a single Gaussian to the peak. For
the In3d5/2 emission a single Gaussian was fitted to the data points close its maximum.
Previously it was shown, that this procedure leads to approximately the binding energy of
the screened component obtained from a more complex fitting procedure [41].
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Figure 5.12: Mo4d plotted over In3d5/2 binding energies. The given color scale defines
substrate temperature and marker size the oxygen content during deposition. Diamonds
represent 2 mol% and circles 5 mol% doped samples, crosses samples after Ar-ion etching.

The binding energies of the band gap state and the In3d5/2 core level scale linearly with
a slope of one. This indicates parallel shifting peaks as it is expected for two core levels
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being affected by a variation of EF − EVBM. The latter observation emphasize the core level
nature of the band gap states.

In Fig. 5.13 valence band regions of a 5 mol% Mo:In2O3 sample deposited in pure argon
at 400 ◦C are shown, measured by XPS or UPS. The spectra were rescaled to match in
maximum intensity of the valence band onset. The high intensity of the unmonochroma-
tized Helium lamp compared to the monochramatic Al Kα X-ray source provides a better
statistics even after relatively short acquisition times, which explains the increased signal-
to-noise ratio in the UP measurements. Both spectra show, in principle, the same features.
The band gap state is visible and the valence band onset takes place at the same energy.
Nevertheless does the overall shape differ significantly between both methods. Increasing
intensity for binding energies above 9 eV in the UP sepctra can be explained by inelasti-
cally scattered electrons. The number of those secondary electrons in this region is larger
in UPS due to the high intensity of the unmonochromatized He-lamp. The photon energy
is a further reason why the background is dominant at those binding energies. From first
principle calculations it is known that the density of states show very abrupt onset for
Mo:In2O3 [16]. The variation of the slope of the valence band onset therefore must be
a result of varying instrumental broadening. Since the electron mean free path depends
on the kinetic energy and therefore on the excitation energy as well [116], a variation
of information depth has to be considered. This means that UPS measurements are even
more surface sensitive than XPS. A gradient in the film, i.e. difference between surface and
bulk composition, therefore may affect the measured valence band shape. Atomic subshell
photoionization cross-sections depend as well on the excitation energy [119]. This implies
varying contributions of the valence band states to the measured spectra between XPS and
UPS. As a result of all the given factors individually shaped spectra are obtained.
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Figure 5.13: Comparison of the valence band region measured with XPS and UPS of a
5 mol% Mo:In2O3 sample deposited in pure argon at 400 ◦C. The spectra were scaled for
matching maximum intensity of the valence band onset.

The band gap state in XPS was already attributed to the Mo4d emission, while in UPS an
overlap between the Mo4d emission and a satellite feature, caused by the He-β line, has to
be taken into account. Irfan et al. [173], who report a broad peak at a binding energy of
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2.0eV in the UP spectra after deposition of MoO3 on ITO, attribute it exclusively to a satel-
lite feature of the valence band maximum caused by the light of the unmonochromatized
helium lamp. Since the band gap emission in UP spectra of Mo:In2O3 is much more pro-
nounced as compared to In2O3, a second feature besides the valence band satellite must
be present. Based on the results from XPS it is correlated to Mo4d states.

Comparing the intensity ratio of the band gap state, dominated by the Mo4d emission,
and of the valence band maximum, a reduction can be observed from the XPS to the
UPS measurement. This can be explained by the energy dependence of atomic subshell
photoionization cross-sections, too. Yeh et al. [119] list the latter values for a variety of
elements and photon energies. For the given material cross-sections for the O2p shell,
which dominates the valence band region of doped In2O3, and of Mo4d have to be com-
pared. The latter values as well as their ratio are given in Tab. 5.3 for the photon energies
corresponding to He-I and Al-Kα lines. From the cross-section ratios it is obvious, that a
constant elemental ratio between molybdenum and oxygen will lead to a less pronounced
Mo4d component compared to the valence band maximum intensity in UP over XP spectra.

Table 5.3: Atomic subshell photoionization cross-section of Mo4d and O2p and their ratio
given for two different photon energies [119].

hν in eV σMo4d σO2p
σMo4d
σO2p

21.2 26.27 10.67 2.46
1486.8 4.6× 10−3 2.4× 10−4 19.17

The basic features of the relevant core level and valence band region were discussed in
this section. The Mo3d core level emission is composed of up to three different compo-
nents. Based on literature, only the Mo6+ can be doubtlessly assigned to the MoI while
the oxidation state or explanation for MoII and MoIII remain unclear. The valence band
region of Mo:In2O3 is comparable to other dopants except for a valence band state, which
is correlated to occupied Mo4d states. This feature can therefore be used as indicator for
oxidation states lower than Mo+6.

5.4.2 Oxidation state and Segregation

After introducing the general aspects of Mo:In2O3 photoelectron spectra, a closer look
will be taken on the influence of substrate temperature and oxygen content in the process
atmosphere. Films deposited under a variety of conditions will be discussed next.

In Fig. 5.14 and Fig. 5.15, XP spectra of 5 mol% molybdenum doped In2O3 films are
shown. O1s, In3d5/2 and Mo3d core levels and valence band regions of samples deposited
at different temperatures in argon or at a substrate temperature of 400 ◦C in a process
atmosphere of varying oxygen content are shown. The spectra were normalized to the
overall weighted peak area as described in Sec. 4.3.

A feature at higher binding energies can be seen in the O1s spectra of the samples
deposited at 25 ◦C and 200 ◦C in pure argon. Independent on molybdenum content in the
target this characteristic can be observed for films deposited at 200 ◦C or below, in a process
atmosphere with maximum 0.5 % O2 content. Similar to observations made on In2O3 films,
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Figure 5.14: XPS core level spectra of the O1s, In3d5/2, Mo3d emission and valence band
region of 5 mol% molybdenum doped In2O3 thin films on glass. The samples were de-
posited in argon atmosphere at different substrate temperatures as indicated by labels in
the O1s graph. All spectra are normalized to the overall weighted peak area. An offset in
y-direction is introduced for clarity.

the additional feature can be explained by peroxide species at the surface [41]. In spite
of increasing asymmetry, which is fully developed at 300 ◦C, no other major changes in
peak shape or binding energy can be observed for the O1s and In3d5/2 emission when
the temperature is varied. Analogously, a decreasing asymmetry can be seen when the
oxygen content in the process atmosphere is increased. The different deposition conditions
lead to slight changes of binding energies, which is especially pronounced for the sample
deposited in 10 % O2 containing atmosphere and will be discussed later.

A significant variation of the components forming the Mo3d peak and the band gap
feature in the valence band region can be identified for both temperature and oxygen
series. The left-hand side of Fig. 5.16 and Fig. 5.17 show the Mo3d core levels without
shift in y-direction. Peak areas of the three components, normalized to the corresponding
In3d5/2 area, are shown on the right hand side of the graphs. Latter values were obtained
by a fitting procedure as described in Sec. 5.4.

The molybdenum content at the surface increases with temperature up to 400 ◦C fol-
lowed by a decrease for even higher temperatures. As apparent from the spectra as well as
from fits, Mo6+, Mo5+ and Mo4+ states are present throughout the whole series although
their ratios vary. For 25 ◦C and 200 ◦C Mo5+ is dominating. For higher temperatures the
ratio changes in favor of Mo6+. Maximum content of Mo5+ and Mo4+ is achieved for
400 ◦C. Increase and decrease of the latter components occur in a similar manner.
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Figure 5.15: XPS core level spectra of the O1s, In3d5/2, Mo3d emission and valence band re-
gion of 5 mol% molybdenum doped In2O3 thin films on glass. The samples were deposited
at a substrate temperature of 400 ◦C. An argon/oxygen mixture was used as process atmo-
sphere. Labels in the O1s graph indicate the oxygen content during deposition. All spectra
are normalized to overall weighted peak area. An offset in y-direction is introduced for
clarity.
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Figure 5.16: Mo3d core level emission for different temperatures deposited in argon on the
left. Spectra are normalized to the corresponding In3d5/2 peak areas. Same data as shown
in Fig. 5.14. Different levels of grey indicate temperature (light grey is low, black is high).
Normalized peak areas of the three components and their sum, as obtained by a fitting
procedure, are shown on the right.
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Figure 5.17: Mo3d core level emission for different oxygen partial pressures deposited at
400 ◦C are shown on the right. Spectra are normalized to the corresponding In3d5/2 peak
areas. Same data is shown in Fig. 5.15. Different levels of gray indicate oxygen content in
process atmosphere(light gray is low, black is high). Normalized peak areas of the three
components and their sum, as obtained by a fitting procedure, are shown on the right.

The starting point for the oxygen series shown in Fig. 5.17 is the sample with highest
molybdenum content at the surface as observed in the temperature series. Approximately
equal amounts of Mo6+ and Mo5+ can be seen. Mo4+ clearly is present as well. By adding
oxygen to the process atmosphere an increasing Mo6+ component can be observed. The
amount of Mo5+ stays rather constant before significantly decreasing when 5 % oxygen
is added. The Mo4+ component initially decreases, then stays constant up to 4.5% and
then drops again. At 10% O2/Ar the latter components are almost completely gone. Com-
pared to a thick MoO3 film grown on Sn:In2O3, a shoulder on the low binding energy side
is found. This indicates the presence of small amounts of Mo5+ and Mo4+. Given the
uncertainty of the determined values, Mo5+ and Mo4+ are still correlated. The highest
molybdenum content is obtained at 5% oxygen.

The overall molybdenum content in at.%, calculated from the O1s, In3d5/2 and Mo3d
peak areas using Eq. 3.32, is shown in Fig. 5.18. Data points of all 2 mol% and 5 mol%
doped Mo:In2O3 samples are displayed. Oxygen content and temperature affect the
dopant concentration of the 2 mol% samples in a similar way as was observed for the
5 mol% samples. Higher temperatures and oxygen contents lead to increased molybde-
num content at the surface. The only exception is the maximum at 400 ◦C, which cannot
be found for the lower dopant concentration.

The Mo concentrations at the surface determined by XPS differ considerably from the
nominal target concentrations. A total variation of 3.6 mol% and 2.6 mol% is found for the
films deposited from the nominally 5 mol% and 2 mol% doped targets respectively. Based
on sputter depth profiles discussed in Sec. 5.4.3 it can be shown that the bulk concentration
in nominally 5 mol% doped films is closer to 2.2 mol%. Varying Mo content with deposition
condition and distance from the surface, indicate segregation of molybdenum.
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Figure 5.18: Molybdenum content in atom percent as obtained from XPS measurements
plotted versus deposition temperature on the left and oxygen content on the right. Marker
color indicates either oxygen content or substrate temperature according to the given color
scales. Diamonds and circles indicate nominally 2 mol% and 5 mol% doped thin films re-
spectively.

Hardly any difference in Mo surface concentration can be seen for films deposited at
room temperature or 200 ◦C. Increasing the substrate temperature to 400 ◦C leads to a
higher molybdenum content at the surface. Even higher temperatures lead to a reduced or
respectively to an increased Molybdenum content for nominally 5 mol% and 2 mol% doped
films. Overall a higher oxygen content in the process atmosphere leads to molybdenum
enrichment at the surface. The samples deposited at 400 ◦C in 10% oxygen do not match
this observation though.

For both, the oxygen and temperature series changing binding energy, intensity and
shape of the Mo4d component is visible in Fig. 5.14 and Fig. 5.16. Its intensity follows
the trend of the Mo5+ component. Due to the signal to noise ratio in this region, however,
it is questionable whether a detailed discussion about the latter parameters from XPS
measurements beyond what was done in Sec. 5.4 is reasonable.

Changes in the valence band region are similar to what was discussed in Sec. 5.4. A
different slope of the valence band onset can be observed for samples deposited at 200 ◦C
and below. Oxidizing conditions lead to a more defined shape of the valence band. Besides
those observations no systematic variation of its form can be seen. Different values of
EF−EVBM as the result of varying deposition conditions are illustrated in Fig. 5.19. Valence
band maximum for 2 mol% and 5 mol% doped Mo:In2O3 samples plotted over deposition
temperature or oxygen content can be seen. A dopant concentration of 5 mol% leads,
in general, to higher values of EF − EVBM. Low temperatures and high oxygen content
yield low EF − EVBM while the highest values are obtained around 400 ◦C under reducing
conditions. Comparing the extreme values a difference of 1 eV is observed.

In Fig. 5.20, the In3d5/2 binding energy is plotted over EF−EVBM. A correlation between
both energies can be seen. Samples deposited at 200 ◦C or below show a linear behavior
with a slope of one, as indicated by the thick solid line, while samples deposited at higher
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Figure 5.19: Valence band position plotted over substrate temperature (left) and oxy-
gen content of process atmosphere (right) during deposition for 2 mol% (diamonds) and
5 mol% (circles) doped Mo:In2O3 films. Crosses are data points measured after Ar-ion
sputtering. The colors indicate oxygen content of the process atmosphere or substrate
temperature respectively.

temperatures coincide with a slope of 0.64. Distinct valence band onsets were observed for
both temperature regions. This difference can explain an offset between the determined
values. A slope deviating from one implies a variation of the distance between core level
and valence band maximum, as previously reported for Sn:In2O3 [41]. Gassenbauer et al.
[41] discuss screening of the core holes as explanation in this context.
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Figure 5.20: In3d5/2 binding energy plotted over valence band maximum for 2 mol% (di-
amonds) and 5 mol% (circles) doped Mo:In2O3 films. Crosses are data points measured
after Ar-ion sputtering. The colors indicate the substrate temperature during deposition
and marker size oxygen content of the process atmosphere. The solid line indicates a slope
of one.
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While kinetics in the film are mainly determined by the substrate temperature, the oxy-
gen chemical potential is influenced both by temperature and oxygen content in the pro-
cess atmosphere. Conditions at higher temperatures are more reducing, while adding oxy-
gen obviously leads to more oxidizing conditions. Since hardly any difference in Mo core
level spectra and surface concentration was seen for films deposited at room temperature
or 200 ◦C it can be assumed that those temperatures are insufficient to enable diffusion of
molybdenum. This observation is confirmed by X-ray diffraction patterns shown in Sec. 5.1
where no difference in crystallinity can be observed for films deposited at the latter tem-
peratures. Changing molybdenum content at the surface and X-ray diffraction patterns
indicate that both diffusion and recrystallization take place at temperatures above 200 ◦C.
Deposition conditions significantly affect the Mo3d emission and therefore the molybde-
num oxidation state as well. As expected, an increasing oxygen content leads to enhanced
formation of MoI, which can be doubtlessly assigned to Mo6+, while both other compo-
nents decrease. The total amount of Mo at the surface increases with oxygen in the process
atmosphere. The effect of substrate temperature is not that clear. At temperatures above
400 ◦C the Mo6+ component is growing in favor of the other components. Further, the
overall Mo surface concentration is decreasing. The vapor pressure of MoO3 is the highest
of all Molybdenum oxides and its mixtures [174–176]. As 600 ◦C are enough for PVD of
MoO3 thin films, evaporation of the latter might be a suitable explanation for the overall
decreasing Mo concentration at the surface at 500 ◦C and 600 ◦C. Nevertheless, vanishing
Mo5+ and Mo4+ for conditions being nominally more reducing cannot be explained this
way. The position of EF − EVBM is affected by the deposition conditions in a similar way
as was reported for Sn:In2O3 and Ge:In2O3 [33, 35, 41]. Oxidizing conditions lead to
lower values and reducing conditions vice versa. One difference is that for temperatures
above 400 ◦C a decreasing EF − EVBM is observed, independent on doping concentration or
oxygen content. In the latter articles an effect of EF − EVBM on Sn or Ge segregation at the
surface was reported. No clear correlation between molybdenum content or a single Mo
component and EF − EVBM is found here as shown in Fig. 9.3 in the appendix.

5.4.3 Sputter depth profiles

To investigate the evident molybdenum enrichment at the surface, selected samples were
Ar-ion etched in the XPS analysis chamber. This method was used before to give proof
for Sn and Ge segregation in Sn:In2O3 and Ge:In2O3 [35, 41]. The acceleration voltage
was set to 1kV at a current of 0.7µA. For most of the samples, an etching time of 5 min
in combination with an erosion area of 4× 4mm2 was chosen (Fig. 5.23) while a sample
deposited in 10 % oxygen at 400 ◦C was etched for 25min in total, in 1 min increments with
an erosion area of 6× 6 mm2 (Fig. 5.21). The etching rate for the smaller erosion area is
roughly 0.5 nmmin−1 while it is 0.2nm min−1 for the larger area. The discussion will be
started with presenting the more detailed depth profile before concluding by comparing
several samples.

In Fig. 5.21 different levels of gray are used to visualize the consecutive steps. On the
right hand side of the figure, the molybdenum content is plotted over etching time. The
same color scale is applied. In accordance to the above made observations, only Mo6+ can
be identified in the Mo3d spectrum of the as deposited film under the given conditions.
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Figure 5.21: XPS sputter depth profile of a 5 mol% Mo:In2O3 sample deposited at 400 ◦C in
a 10 % oxygen containing process atmosphere. The shown O1s, In3d5/2 and Mo3d spectra
were measured after 0, 1, 2, 4, 14 and 24 min sputtering time. The molybdenum cat% over
sputter time for all steps is displayed on the right side. The gray levels indicate sputter total
time. The sputter rate is estimated to be 0.5 nm/min.

Further, a rather low Fermi level is indicated by the binding energies of the O1s and In3d5/2
core levels. After the first etching step a significant reduction of the Mo6+ component and
appearance of Mo5+ and Mo4+ can be observed. O1s and In3d5/2 binding energies are
shifted to higher values as can be expected for a reducing treatment as Ar-ion etching.
Broadening and asymmetric peak shapes are a consequence of the etching procedure.
An overall lower intensity after the first step has to be considered since all consecutive
measurements were carried out at a higher chamber pressure as required for differential
pumping of the ion gun. Up to a total etching time of 14min, the ratios of the molybdenum
components as well as the In3d5/2 intensity are changing while the O1s peak reaches its
final shape earlier. In its final state Mo5+ is dominating while the other two components
are still present.

To follow the development of surface composition the normalized peak areas of the
three core levels are shown in Fig. 5.22 over sputter time. The latter values were obtained
from integration of the background subtracted spectra and using Eq. 3.32. A decrease can
be observed for molybdenum and oxygen while indium increases. During the first 5min
O1s and Mo3d peak areas decrease at the same rate, followed by further lowering of the
Mo3d while the O1s area stays constant. The In3d5/2 area is gaining what is lost by the
other two components.

The first conclusion, which can be drawn, is that a significant segregation of molybde-
num at the surface is present for the given deposition conditions as the overall Mo3d area
drastically decreases. Furthermore, the oxidation state of molybdenum changes upon Ar
ion bombardment. Possible explanations for this observation are different Mo oxidation
states at the surface compared to the bulk or a change due to the treatment itself. The
inelastic mean free path of Mo3d photoelectrons can be estimated to be 2 nm using the
NIST Electron Inelastic-Mean-Free-Path database with the TPP-2M equation [177]. The
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Figure 5.22: Normalized peak areas of O1s, In3d5/2 and Mo3d core levels during sputter
depth profile.

information depth in XPS is usually a multiple of the electron inelastic mean free path.
Based on the spectra of the as deposited film, the Mo6+ is the only component present
over the whole information depth, which is larger than 2 nm. After the first etching step,
which resembles a depth of about 0.2 nm, all three molybdenum components are already
present. The abrupt appearance of the new states indicates that Mo5+ and Mo4+ are in-
duced by ion bombardment. Therefore no conclusion can be drawn whether different Mo
oxidation states are present at the surface and in the bulk.

Spectra of four samples deposited under different conditions are shown in Fig. 5.23 as
is (black) and after etching about 2.5nm deep (grey). At the bottom, spectra of the etched
samples are compared. Deposition conditions, molybdenum content and Hall charge car-
rier mobility and concentration of the shown samples are given in Tab. 5.4.

Table 5.4: Molybdenum content before and after sputtering of samples presented in
Fig. 5.23. Order of sample is similar. Hall charge carrier mobility and concentration af-
ter sputtering are given as well.

# TSubstrate in ◦C % O2 Mo at%before Mo at%after µ in cm2

Vs n in S
cm

1 400 10 4.8 2.2 11.0 2.70× 1018

2 600 0 3.7 1.7 0.78 4.33× 1020

3 400 0.5 4.2 2.5 55.1 5.71× 1020

4 20 0.5 2.5 2.2 18.3 2.30× 1019

As expected from the temperature and oxygen series, different Mo3d emissions can be
observed for the as deposited films. Significantly different charge carrier concentrations
and mobilities of the studied films emphasize contrasting bulk properties. Except for the
room temperature sample, a significant reduction of the Mo3d signal can be seen after
sputtering. All spectra are almost identical after the treatment. The only outlier is the
sample deposited at 600 ◦C in 0% oxygen, having a lower molybdenum content. It seems
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Figure 5.23: XPS sputter depth profile of four different 5 mol% Mo:In2O3 samples from top
to bottom. O1s, In3d5/2 and Mo3d core level and valence band regions are shown (left to
right). Deposition conditions are similar except for temperature and atmosphere as noted
in the graphs. The shown spectra were measured of the as deposited film (black) and in
a depth of roughly 2.5 nm (gray). The bottom row compares the above shown spectra of
the sputtered samples.

that only the top layers of the films are affected by changes of the deposition conditions
while the bulk is unchanged.

Ar-ion bombardment has a significant impact on the local order of the material by e.g.
breaking of atomic bonds and intermixing. Preferential sputtering of certain species may
as well influence the results. In the case of MoO3, oxygen is preferentially sputtered [156].
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Keeping this in mind, the measurements of a sputtered sample does very likely not repre-
sent how the spectrum in an unaffected bulk would look like. Above it was discussed that
minimal Ar ion etching already leads to significant changes of the Mo3d emission, which
most likely is a result of the treatment itself. Identical Mo3d emissions, of significantly
different films, after 2.5 nm etching suggest a similar conclusion. This treatment is not
suitable to compare oxidation states at the film surface and in larger depth. Still it can be
used to investigate the composition when selective sputtering is excluded.

The amount of molybdenum at the surface is strongly affected by the deposition con-
ditions, while the content in the film obtained after Ar ion etching is rather similar. No
molybdenum segregation is found for the film deposited at room temperature. Higher de-
position temperatures lead to considerably more molybdenum at the surface as compared
to the bulk of the films. In context of the previous temperature series, where no difference
between the room temperature and 200 ◦C sample could be observed, it seems probable
that temperatures above 200 ◦C are required to allow for diffusion of molybdenum.

The oxygen content of the process atmosphere seems to have an influence on segregation
as well. More oxygen leads to a higher molybdenum content at the surface. Due to the
little number of samples a clear tendency can not be given, though.

5.4.4 Ultraviolet Photoelectron Spectroscopy and Surface Potentials

UP spectra of 5 mol% Mo:In2O3 samples deposited either at varying temperatures in pure
argon atmosphere or at a substrate temperature of 400 ◦C in varying oxygen content are
shown in Fig. 5.24 and Fig. 5.25. The high binding energy part is chosen to give a detailed
look on the secondary electron cutoff while the low binding energy part gives an overview
on the valence band onset. The spectra in each section were scaled for matching intensities
of secondary electron cutoff or maximum of the valence band onset. The Mo4d emission
and Fermi edge are shown enlarged in the insets. A scale from light gray to black is used
to indicate increasing temperature or oxygen content. Arrows additionally illustrate the
course of each parameter.
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Figure 5.24: UPS spectra of 5 mol% Mo:In2O3 samples deposited in argon at varying tem-
peratures. Different levels of gray indicate the deposition temperature.
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Figure 5.25: UPS spectra of 5 mol% Mo:In2O3 samples deposited at 400 ◦C in varying oxy-
gen content. Different levels of gray indicate the amount of oxygen in process atmosphere.

Looking at the temperature series a variation of the slope of the onset can be observed
for samples deposited at temperatures up to 200 ◦C in the UPS measurements. Above this
temperature no changes in slope of valence band onset can be seen. Even the energetic
position is almost identical except for the 600 ◦C sample which is shifted to lower binding
energies. For the oxygen series a slight decrease of the slope can be seen as well as a
shift towards lower binding energies with increasing oxygen content. Essentially constant
energetic positions can be noted for samples deposited in 1.5%−4.0% oxygen containing
atmospheres. Overall agreement with the valence band region from XPS can be found.

Due to a better statistics of the valence band region for UPS measurements, it is possible
to follow the evolution of the Mo4d component quite well. Under the assumption of a
constant satellite feature, the Mo4d intensities fit quite well to what was seen from XPS
measurements and coincide with the intensities of the Mo5+ and Mo5+ components as
shown in Fig. 5.16 and Fig. 5.17.

Using Eq. 4.3 and Eq. 4.4, the work function and ionization potentials of the films can be
determined from UPS and XPS valence band spectra. While a large variation in secondary
electron cutoff of about 2 eV can be seen, the valence band maximum changes only by
roughly 0.6 eV. Since the two values do not change in a similar way it becomes obvious
that different deposition conditions do not only affect the Fermi level position but also the
surface dipole [32]. Termination and orientation of the surface, as well as adsorbates or
dopant segregation were previously mentioned to influence the surface potentials of doped
and undoped In2O3 [29, 32, 41].

Ionization potentials and work functions over substrate temperature and oxygen con-
tent in the process atmosphere are shown in Fig. 5.26. The colors indicate either oxygen
content or temperature. Increasing either parameter leads to larger values of I P or φ.
Ionization potentials and work functions in the range of 7 − 8 eV and 4 − 5eV are rea-
sonable for doped and undoped In2O3 [29, 32, 41]. In this work values of up to 9eV and
6.5 eV were measured for Mo-doped films. While 10 % oxygen always leads to the highest
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work function, a temperature above 400 ◦C in combination with oxygen is required for
maximum ionization potential.
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Figure 5.26: Ionization potential (top) or work function (bottom) plotted over substrate
temperature and oxygen content of process atmosphere for 2 mol% and 5 mol% doped
Mo:In2O3 films. The colors indicate oxygen content of the process atmosphere or substrate
temperature respectively.
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Figure 5.27: Ionization potential and work function plotted over the surface molybdenum
concentration for 2 mol% and 5 mol% doped Mo:In2O3 films. The marker color indicates
substrate temperature and marker size the oxygen content.

Ionization potential and work function plotted over the Mo content as determined by
XPS are shown in Fig. 5.27. Even though the data points are scattered rather broadly, both
parameters are found to increase with increasing molybdenum surface concentration. The
highest values are obtained for samples deposited in oxygen containing atmospheres at
temperatures of 400 ◦C or above.

From an interface experiment of thermally evaporated MoO3 on Sn:In2O3 shown in
Fig. 9.4 in the appendix and also from literature [156, 172, 173] ionization potentials of
9.6 eV and work functions between 7eV and 6.1eV were found for MoO3. These are close
to the maximum values measured for Mo:In2O3 thin films. XPS measurements indicate
a larger fraction of the Mo6+ for latter samples. The formation of a MoO3 surface layer,
determining the surface potentials, is therefore plausible.

5.5 Summary

A brief outline of the findings for Mo:In2O3 thin films will be given here. The fundamental
results will be discussed in comparison to other dopants in Sec. 7.

• Transparent conductive Mo:In2O3 thin films were grown by rf magnetron sputter-
ing on glass. Ceramic targets with a dopant concentration of 2mol% and 5mol%
were used in this work. The influence of substrate temperature and oxygen con-
tent of the deposition atmosphere, on structure, optical and electronic properties was
investigated.

• According to XRD measurements most of the films consist of a single phase, possess-
ing a bixbyite structure. One sample, deposited at 600 ◦C, shows a second phase
which is most likely related to the formation of MoO3. No clear correlation between
preferential orientation and deposition conditions was found. Films with significant
crystallinity tend to show a (111) texture. Deposition conditions affect the lattice
constant. The effect of substrate temperature can be explained by extrinsic stress
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due to differences in thermal expansion coefficients of film and substrate. The influ-
ence of oxygen in the deposition atmosphere and of the dopant itself could not be
revealed.

• Electronic properties were investigated by Hall-effect and conductivity measure-
ments. The deposition conditions influence the latter in a similar manner as com-
pared to Sn:In2O3. Highest conductivities are obtained under reducing conditions
and substrate temperatures close to 400 ◦C. Higher substrate temperatures tend to
improve film crystallinity, having a positive effect on the carrier mobility. For films
deposited at 600 ◦C µHall drops to almost zero, which may be related to the formation
of MoO3 at the grain boundaries. The addition of oxygen is expected to decrease the
concentration of effective dopants by the formation of neutral defect associates. A
lower number of effective dopants and larger number of neutral impurities function-
ing as scattering centers explain decreasing carrier concentration and mobility with
increasing oxygen content. Highest carrier concentrations are measured for 5mol%
Mo:In2O3 thin films. 2 mol% Mo:In2O3 films show highest mobilities. Latter are ob-
tained at carrier concentrations where exceptionally high mobilities were measured
for Zr and H doped In2O3. Similar values should be accessible by further varying the
deposition parameters or at lower dopant concentrations.

• Optical characterization of the films was carried out by transmission and reflection
measurements as well as spectrometric ellipsometry. A blue shift of the absorption
onset with increasing carrier concentration can be explained by the Burstein-Moss
effect. High carrier concentrations go with lower plasma wavelengths. 2mol%
Mo:In2O3 films show the highest transmission. The optical spectra were simulated to
determine the optical band gap and plasma wavelength as well as the optical carrier
concentration and mobility. The applied model results in a good agreement between
measured and simulated spectra, the plausibility of the obtained parameters is ques-
tionable though. Similar trends of nHall and nOpt were observed while µHall and µOpt
agree poorly. A very low Hall mobility, measured for high temperature samples, is
not apparent from the optical spectra. Although a difference is to be expected, lower
µOpt as compared to µHall is physically not reasonable.

• Reviewing the electronic structure by photoelectron spectroscopy verifies a close rela-
tion to other doped and undoped In2O3 as well. The Mo3d emission consists of up to
three components. Deposition temperature and oxygen content in the process gas de-
termine the ratios between them. While the high energy component can be assigned
to Mo6+ and increases with increasing temperature and oxygen content, it was not
possible to doubtlessly ascribe specific oxidation states to the other two. Literature
reports are not conclusive whether Mo5+ and Mo4+ or a screened and unscreened
Mo4+ component are responsible. No distinct evidence was found for either in this
work. An emission in the band gap close to EF − EVBM is specific for Mo:In2O3. Latter
feature is related to the presence of molybdenum in an oxidation state below Mo6+.

• The Mo surface concentration is affected by the deposition conditions. Sputter depth
profiles indicate constant Mo concentration in the bulk of the films. Temperatures
above 200 ◦C are required to allow for significant dopant diffusion. The surface
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concentration scales with the oxygen content in the process atmosphere. Dopant
surface segregation being favored at oxidizing conditions was previously observed
for Ge:In2O3. The ionization potential and therefore the surface dipole is correlated
to the Mo surface concentration. Exceptionally high work functions and ionization
potentials are found. While the lower limits fit well to undoped In2O3, ionization
potentials of up to 9.1 eV get close to measurements done on MoO3.
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6 Titanium Doped Indium Oxide

Results concerning Ti:In2O3 thin films will be presented in this chapter. Samples with
a doping concentration of 2mol% and 5 mol% were prepared under varying deposition
conditions. The characterization was carried out analogously, as done for the Mo:In2O3
thin films.

6.1 Structural Analysis

Two X-ray diffraction patterns of 2 mol% doped Ti:In2O3 films are shown in Fig. 6.1. The
deposition was carried out at a substrate temperature of 400 ◦C either in pure argon or
in a 1 % oxygen containing atmosphere. Similar to the XRD measurements of the pre-
viously shown Mo:In2O3 thin films, all reflections match the powder diffraction data of
In2O3 or Pt. Platinum, which was used as contact material for Hall-effect and conductivity
measurements, may be present depending on the position of the measurement spot.
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Figure 6.1: θ/2θ diffraction patterns of 2 mol% doped Ti:In2O3 thin films deposited at
a substrate temperature of 400 ◦C in either 0 % or 1 % oxygen containing atmosphere.
Red bars at the bottom indicate In2O3 reflection positions according to ICDD pattern
00-006-0416. Reflections due to Pt contacts are marked by a "∗".

Since all reflections, which are not related to Pt, can be assigned to In2O3 ICDD pattern
00-006-0416, the Ti:In2O3 thin films grown here consist of a single phase and have a
cubic bixbyite structure, which is in accordance with literature [5, 65, 178–183]. Reflex
positions match perfectly. As discussed in Sec. 5.1 lattice constants of a thin film do not
necessarily coincide with the ones of powders due to stress in the films. Due to the limited
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data it is not possible to discuss the influence of the deposition conditions on the lattice
parameters. Nevertheless similar effects as observed for Mo:In2O3 are expected.

Looking at the relative intensities of the (211), (222) and (400) reflections a significant
influence of the oxygen content in the process atmosphere on the film texture is evident.
The film deposited under reducing conditions shows a pronounced (100) texture. Adding
1% oxygen during the deposition leads to a diffraction pattern in which all three (211),
(222) and (400) reflections show roughly the same intensity. Compared to the intensities
found for In2O3 powder this indicates a (211) texture. Inconsistent trends are reported
in literature. A (222) texture is found either for pure argon or 1 % oxygen containing
atmosphere under otherwise similar deposition conditions. Wachau [38] could show that
the deposition of In2O3 thin films grown under exactly the same conditions but not in
the same deposition chamber led to differently textured films. A comparison between
literature and the data shown here is therefore not reasonable.

Based on the X-ray diffraction patterns shown in this chapter, it can be confirmed that
the investigated Ti:In2O3 thin films have a cubic bixbyite structure with similar lattice pa-
rameters as In2O3. They consist of a single phase and addition of oxygen to the deposition
atmosphere leads to a significant variation of the film texture.

6.2 Electronic Properties, Conductivity and Hall-Effect Measurements

The effect of the deposition conditions on the electronical properties of 2mol% and 5 mol%
Ti:In2O3 thin films will be discussed in this section. Conductivity, charge carrier concentra-
tion and mobility as obtained from conductivity and Hall-effect measurements are shown
in Fig. 6.2 for different deposition conditions. Triangles and circles indicate 2 mol% and
5mol% dopant concentrations, respectively. Data for films grown at a substrate temper-
ature of 400 ◦C and varying oxygen content are shown at the top while the values at the
bottom represent films grown in pure argon and different temperatures.

A decreasing carrier concentration and mobility can be observed when oxygen is added
to the process atmosphere during film growth. The carrier concentration of the 2 mol%
doped sample deposited without oxygen is the only outlier in this series. Films deposited
at the same oxygen partial pressure show similar carrier concentrations despite different
doping levels. Carrier mobilities of the 2 mol% doped samples are approximately twice as
high as of the 5mol% ones. The lower dopant concentration therefore leads to a higher
conductivity.

Increasing substrate temperature has essentially an opposite effect to adding oxygen.
Carrier concentrations of the 5 mol% doped samples increase up to 400 ◦C and then re-
main rather stable. Hardly any difference can be observed between room temperature and
200 ◦C for the lower dopant concentration. Above this temperature, n increases for the
2mol% doped films as well. The mobility instantly rises for both dopant concentrations
with the substrate temperature. No significant variation can be observed between 200 ◦C
and 400 ◦C for the 5mol% doped samples while it drops to almost zero at 600 ◦C. Increas-
ing mobilities up to 400 ◦C followed by a plateau are observed for a dopant concentration
of 2mol%.
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Figure 6.2: Carrier mobility, concentration and conductivity of 2 mol% (triangles) and
5 mol% (circles) doped Ti:In2O3 films deposited at a substrate temperature of 400 ◦C and
varying oxygen content in the process atmosphere (top) and at different substrate temper-
atures in pure Ar atmosphere (bottom) are shown. Conductivity and Hall-effect measure-
ments were carried out for the determination of the presented values.

The carrier mobility is plotted over the logarithm of the charge carrier concentration
in Fig. 6.3. Marker type indicates dopant concentration, size the oxygen content during
deposition and color substrate temperature according to the given scale. More samples are
considered as compared to the ones shown in Fig. 6.2. In the context of a larger sample
number, previously observed trends can be confirmed. Adding oxygen leads to a decreasing
carrier concentration and mobility. Increasing the substrate temperature up to 400 ◦C is
beneficial for both properties. Even higher temperatures hardly affect 2 mol% Ti:In2O3
films while the mobilities of 5mol% samples drop down to almost zero at a comparable
carrier concentration.

No systematic effect of the dopant concentration on n can be found. Otherwise identical
deposition conditions lead to comparable carrier concentrations independent on the used
target. The mobility, however, is strongly affected by dopant concentration. Mobilities of
2 mol% Ti:In2O3 films deposited above 200 ◦C are tremendously higher as compared to
5 mol% films.
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Figure 6.3: Electron mobility is plotted over the carrier concentration of 2 mol% and 5 mol%
doped Ti:In2O3 films deposited at various substrate temperatures and oxygen contents in
the process atmosphere. The solid line shows the calculated values µ (n) for In2O3 single
crystals [17]. Conductivity and Hall-effect measurements were carried out for the determi-
nation of the presented values. Substrate temperatures are indicated by the marker color
according to the given scale, while the marker size represents the oxygen content.

More information about the films with the best electronic properties is given in Tab. 6.1.
A sample with a dopant concentration of 2 mol% shows both, highest conductivity as well
as mobility. The highest carrier concentration was observed for 5mol%. While a large
difference is found in µHall , carrier concentrations are similar.

Table 6.1: Deposition conditions and electronic properties of the two films showing both
the highest conductivity and mobility or carrier concentration. Conductivity, carrier con-
centration and mobility were determined by conductivity and Hall-effect measurements.

T in ◦C O in % σ in Scm−1 µ in cm2V−1s−1 n in cm−3

2mol% 600 0 6790 105 4.05× 1020

5mol% 400 0 4550 48.8 5.80× 1020

The variation of the deposition conditions affects the electronic properties of Ti:In2O3
thin films as would be expected based on observations made for other dopants. More than
80% of all films show carrier concentrations between 1 × 1020 cm−3 and 6 × 1020 cm−3.
Rather small differences in carrier concentration but a significant drop in mobility going
from a dopant concentration of 2 mol% to 5mol% are the most remarkable observations.
Latter findings indicate over-doping and dopant segregation to play an important role in
Ti:In2O3 thin films as well.

6.3 Optical Analysis

UV-Vis-NIR transmission and reflection spectra of Ti:In2O3 thin films with a dopant con-
centration of either 2 mol% or 5 mol% will be discussed in this section. Measurements
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were carried out as described in Sec. 5.3. Only spectra recorded using p-polarized light
are shown.

Spectra of 5mol% Ti:In2O3 films are shown in Fig. 6.4 and Fig. 6.5. The samples were
either deposited at 400 ◦C and varying oxygen content in the process atmosphere or under
reducing conditions and varying substrate temperature respectively. The evolution of the
spectra with deposition conditions can be explained based on what was learned in Sec. 5.3.
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Figure 6.4: Transmittance (left) and Reflectance (right) spectra of 5 mol% Ti doped
In2O3 thin films on glass. The samples were deposited at a substrate temperature of 400 ◦C
and various oxygen contents in the process atmosphere. Measurements were done at an
incident angle of 60◦ using p polarized light.
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Figure 6.5: Transmittance (left) and Reflectance (right) spectra of 5 mol% Ti doped In2O3
thin films on glass. The samples were deposited in pure argon atmosphere. Substrate
temperature of 20 ◦C, 200 ◦C, 400 ◦C and 600 ◦C were used. Measurements were done at
an incident angle of 60◦ using p polarized light. Spectra of the bare substrates, for either
fused silica (black solid line) or soda-lime glass (black dashed line), are included as well.

From Sec. 6.2 it is known that adding oxygen to the deposition leads to a decreasing
carrier concentration and mobility. Lower n is expressed as a shift of the free carrier
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and band gap absorption towards longer wavelength. A changing slope of the almost
linearly declining part in the NIR range indicates a variation in mobility. Lower mobilities
correspond to less steep slopes.

The temperature series leads to more significant changes in both carrier concentration
and mobility. A stronger variation in the optical spectra can therefore be observed. As
before, an increasing carrier concentration with substrate temperatures up to 400 ◦C is
expressed by higher plasma energies and optical band gaps. Significantly enhanced mo-
bilities lead to a much steeper slope in the NIR region. No major difference in n could
be observed when the temperature was increased from 400 ◦C to 600 ◦C while the Hall
mobility dropped down to almost zero. Comparing the red and green trace in Fig. 6.5, an
essentially unchanged transparency window and overall shape of the spectra can be seen.
This, on the one hand, confirms a similar carrier concentration but, on the other, does not
give evidence for a strong variation in carrier mobility.

In Sec. 5.3.2 it was pointed out that the path electrons travel in both measurement
techniques is very different. One possible explanation for the lower impact of the substrate
temperature on the optical properties is therefore that at 600 ◦C, defects are formed which
mainly influence the electrons moving through the whole sample. Oscillations on a scale
as induced by light do not seem to be hindered.

Spectra of Ti:In2O3 thin films with a dopant concentration of either 2mol% or 5mol%,
deposited in argon at a substrate temperature of 600 ◦C, are compared in Fig. 6.6. Their
electrical properties determined from conductivity and Hall-effect measurements are given
in Tab. 6.2. A lower plasma wavelength of the 5mol% doped film can be explained by its
higher carrier concentration. All samples with the higher Ti content exhibit a slightly lower
transmittance. Otherwise no dopant concentration specific influence on the optical spectra
can be observed.
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Figure 6.6: Transmittance and reflectance spectra of Ti:In2O3 thin films with a doping con-
centration of 2 mol% or 5 mol%. The thin films were deposited at a substrate temperature
of 600 ◦C. Argon was used as process gas. Measurements were done at an incident angle
of 60◦ using p polarized light.
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The huge difference in Hall mobility between both samples at rather unaffected optical
spectra is remarkable. This again suggests a process taking place in the higher doped films
deposited at 600 ◦C, which leads to defects hindering the DC mobility but having little
effect on the optical one.

Table 6.2: Electronic properties of the samples shown in Fig. 6.6. The films were deposited
at 600 ◦C in 0 % oxygen from a target with a concentration of either 2 mol% or 5 mol% ti-
tanium. Conductivity, carrier concentration and mobility were determined by conductivity
and Hall-effect measurements.

σel in Scm−1 µHall in cm2V−1s−1 nHall in cm−3

2mol% 6790 105 4.05× 1020

5mol% 42.5 0.56 4.77× 1020
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Figure 6.7: Comparison of EG,Opt, optically and electrically determined carrier concentra-
tion and mobility of 2 mol% and 5 mol% doped Ti:In2O3 thin films. Different marker types
indicate the dopant concentration. Optical mobility and carrier concentration calculated
assuming either me=const. or me=f(nOpt) are displayed in gray and black respectively.

The correlation between the optical band gap EG,Opt and the carrier concentration and
mobility determined from electrical measurements and simulations of optical spectra are
shown in Fig. 6.7. While a linear dependence between optical band gap and n2/3

Hall was
found for the Mo:In2O3 thin films, no such tendency can be seen here. The selection of
samples, i.e. nHall > 2 × 1020 cm−1, and a small variation of n may be the reason why a
trend can not be confirmed here. Similar to the other dopant, a linear correlation between
optical and Hall carrier concentration is found when the effective electron mass is adjusted
to nopt. The optical mobility shows a distinct difference between 2mol% and 5mol% doped
samples as would be expected based on the Hall-effect measurements. Compared to µHall
a significantly lower variation is found though. Overall lower optical mobilities are found,
which was observed for Mo:In2O3 films as well.

Transmission and reflection measurements of Ti:In2O3 thin films mostly confirm the
expected influence of deposition conditions on the optical properties. The variation of

91



the onset in band gap and free carrier absorption is in accordance with the Hall carrier
concentration. Matching optically and electrically determined carrier concentrations are
found. The optical spectra are not significantly affected by the variation of µHall . Optically
determined mobilities show decreasing values going from 2 mol% to 5mol%. Even though
this is similar to µHall absolute values do still not match.

6.4 Photoelectron Spectroscopy

6.4.1 X-Ray Photoelectron Spectroscopy

Photoelectron spectra of 2mol% and 5 mol% doped Ti:In2O3 thin films will be discussed
in this section. The influence of substrate temperature and deposition atmosphere on the
electronic structure and surface potentials will be the main focus. A quantitative analysis
of the titanium surface concentration is carried out for the 5 mol% doped samples. Eval-
uation of the Ti2p peak area could not be carried out for samples with a lower dopant
concentration due to the low intensity and overlap with In3d satellites. Since there is
not a lot of literature available for photoelectron spectroscopy on Ti:In2O3, the following
discussion is based on knowledge of other dopant elements.

XP spectra of a 5 mol% doped Ti:In2O3 thin film deposited on glass at 400 ◦C in argon
are shown in Fig. 6.8. O1s, Ti2p, In3d5/2 core levels and the valence band region are
displayed. Asymmetric peak shapes of the oxygen and indium emission are caused by
screening effects due to the high electron concentration in the film.
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Figure 6.8: XP spectra of a Ti:In2O3 5 mol% thin film deposited at 400 ◦C in pure argon. O1s,
Ti2p, In3d5/2 core level and valence band region are shown. Data of a measurement done
on an undoped In2O3 thin film, deposited under similar condition, is shown additionally in
the energy region of the Ti2p emission. Spectra are normalized to the overall peak area,
no background correction was carried out.

The Ti2p core level is positioned close to the In3d emission. This region is therefore
strongly influenced by Indium satellites. Data of an undoped In2O3 thin film deposited
under similar conditions is shown in gray to demonstrate this effect. Considering this
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background, a Ti2p doublet can be estimated. With a Ti2p3/2 binding energy of 458.8 eV,
good agreement with Ti in TiO2 is found [118]. It therefore can be concluded that Ti is
in the 4+ oxidation state. Similar results were reported in literature [5, 99, 180]. The
valence band structure basically resembles the one of undoped or doped In2O3. Slight
dopant specific effects have to be considered. A state close to the valence band maximum
can be seen.

Core level spectra recorded for films deposited at different substrate temperature for
both dopant concentrations are shown in Fig. 6.9 and Fig. 6.10. Spectra of 5mol% Ti:In2O3
films deposited at 400 ◦C in process atmospheres containing various amounts of oxygen are
shown in Fig. 6.11.

The spectra shown in Fig. 6.9 illustrate the effect of the substrate temperature on 5mol%
Ti:In2O3 films. For both the O1s and In3d5/2 emission increasing asymmetry can be ob-
served when the substrate temperature is increased. While the Ti2p core level gains in-
tensity the feature close to the valence band maximum decreases. A component at lower
binding energy indicating the presence of Ti3+ can be seen in the Ti2p spectra. The in-
tensity of the latter scales with the intensity of the state close to the valence band. Both
core level binding energy and valence band maximum tend to shift towards higher binding
energies with increasing deposition temperature. A higher Hall carrier concentration fits
to a more pronounced peak asymmetry and the shift of valence band maxima and core
level binding energies.
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Figure 6.9: XP spectra of Ti:In2O3 5 mol% thin films deposited in pure argon at substrate
temperature of 20 ◦C, 200 ◦C, 300 ◦C, 400 ◦C and 600 ◦C. Spectra are normalized to the over-
all peak area, no background correction was carried out.

Hardly any Ti2p emission can be made out in the spectra of the 2 mol% doped Ti:In2O3
thin films shown in Fig. 6.10. A slight Ti2p3/2 emission appears for substrate tempera-
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tures of 400 ◦C and 600 ◦C. Increasing Ti at the surface with increasing temperature can
therefore be confirmed. Only for the room temperature deposition, a feature close to the
valence band maximum is visible. Its shape differs from what was observed for higher
dopant concentration though. The increased intensity close to 0 eV binding energy was
thus likely caused by a spike. Higher temperatures lead to a more pronounced asymmetry
of the O1s and In3d5/2 peaks. A high binding energy shoulder is found for O1s which
decreases with increasing substrate temperature. A similar features was seen for Sn:In2O3
or Mo:In2O3 and can be explained by peroxide species at the surface [41]. A slight shift
of both the O1s and In3d5/2 binding energies towards lower values can be seen. While
the slope of the valence band onset is identical for samples deposited at 200 ◦C or higher,
a difference can be seen for the room temperature film. The shift towards higher binding
energy is expected to be caused by charging of the sample. For the high temperature films
no variation in EF − EVBM is found.
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Figure 6.10: XP spectra of Ti:In2O3 2 mol% thin films deposited in pure argon at substrate
temperature of 20 ◦C, 200 ◦C, 400 ◦C and 600 ◦C. Spectra are normalized to the overall peak
area, no background correction was carried out.

Adding oxygen to the deposition of 5mol% Ti:In2O3 thin films at a substrate temperature
of 400 ◦C, leads to less asymmetric O1s and In3d5/2 emissions (Fig. 6.11). Furthermore,
core level binding energies as well as valence band position shift to lower energies. The
bandgap feature, only visible for the film deposited at 400 ◦C in argon, is immediately
suppressed. Slight changes in the shape of the valence band, i.e. increasing intensity at
its maximum and tail, can be observed. The Ti2p intensity is slightly affected. Adding
0.5% O2 leads to a decreasing Ti concentration at the surface and the preak gets sharper.
More oxygen has no effect.

The observation of a band gap feature in Fig. 6.9 and Fig. 6.11 goes with broadening
of the Ti2p3/2 emission. An additional component at a slightly lower binding energy can
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Figure 6.11: XP spectra of Ti:In2O3 5 mol% films deposited under various oxygen partial
pressures at substrate temperature of 400 ◦C. Spectra are normalized to the overall peak
area, no background correction was carried out.

be seen in the Ti2p spectrum. Occupied Ti3d states, i.e. Ti in a 3+ oxidation state, are
considered to be responsible for the presence of band gap states in TiO2 [184, 185] and
could explain the second emission in the Ti2p spectrum as well. The correlation between
the band gap state and broadening of the Ti2p emission will be discussed in Sec. 6.4.3.

It could be seen that the deposition conditions affect the titanium concentration at the
film surface. A correct quantification of its content is rather complicated due to the overlap
of the Ti2p emission and the In3d satellite. This makes a background correction question-
able. To approximate the Ti concentration the intensity of the Ti2p3/2 emission, being
positioned on an almost linearly increasing part of the In3d satellite, was determined.
The way how the background estimation was carried out is shown in Fig. 9.6 in the ap-
pendix. A spline was used to model the almost linear part beneath the Ti2p3/2 emission.
This procedure will not yield the real Ti2p intensity and unavoidably lead to rather large
uncertainties, but it should suffice for a rough quantification of the titanium surface con-
centration. 2mol% doped thin films were excluded from this analysis due to their low Ti2p
intensity.

The titanium surface concentration in cat% as a function of temperature and oxygen
content is shown in Fig. 6.12. While almost no variation can be seen up to 300 ◦C, higher
temperatures lead to a significant increase in Ti at the surface. Variation of the oxygen
content in the process atmosphere does not lead to a clear trend. No effect is found for
samples deposited below 400 ◦C. For even higher temperatures a decreasing Ti concen-
tration at the surface can be seen with increasing oxygen content even though the data
points shows a rather large scattering. Overall, a variation between 1.5cat% and 19cat%
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Ti at the surface is found. The values obtained for low temperatures fit quite well to the
2.56cat%, which are expected based on the target composition according to the manu-
facturer specifications. Tremendously enhanced concentrations at temperatures of 400 ◦C
and above indicate a significant Ti segregation at the surface for the given conditions.
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Figure 6.12: Titanium content in cat% plotted over substrate temperature or oxygen con-
tent. Only Ti:In2O3 thin films with a doping concentration of 5 mol% were considered.
Marker colors indicate the other parameter respectively.

Fig. 6.13 shows EF − EVBM plotted over either the substrate temperature or the oxygen
content for a more detailed look on the effect of the deposition conditions on the position
of the valence band maximum. All Ti:In2O3 films prepared in this work are shown. Colors
indicate the oxygen content or the temperature according to the given scales. Values be-
tween 2.0 eV and 3.2 eV were measured. The highest and lowest valence band maximum
was obtained for doping concentrations of 5mol% and 2 mol% titanium, respectively. Ex-
cept for those extreme values no distinct difference can be seen between both dopant
concentrations. Samples deposited at room temperature show the largest scattering. As
reported before, the onset of the valence band changes when intentionally heating the
substrates. The reliability of the EF − EVBM of room temperature films is therefore ques-
tionable. Increasing temperatures or less oxygen lead to higher valence band maxima.
Films deposited at temperatures above 200 ◦C are only weakly influenced by the oxygen
content in the process atmosphere.

Variation of the In3d5/2 binding energy and the valence band maximum are set into
correlation in Fig. 6.14. Deposition temperature is indicated by the marker color and
oxygen content of the process atmosphere by its size. The black line indicates a slope of
one, i.e. parallel shifting core levels and valence band maxima. Overall a good agreement
between the line and the measurements can be seen. All data points, which show a feature
close to the valence band onset are highlighted by the gray background. Only exception
is the sample deposited at 600 ◦C, which is highlighted but does not show the band gap
emission. A different correlation between core level binding energy and EF − EVBM is
therefore an effect of the altered shape of the valence band onset. Furthermore, it is
eye-catching that the majority of all measurements are located around the same energies.
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Figure 6.13: Ti:In2O3 valence band position plotted over the substrate temperature (left) or
oxygen content (right) of process atmosphere. Colors indicate oxygen content or substrate
temperature according to the scales. Triangles and circles represent samples with dopant
concentrations of 2 mol% and 5 mol%.

Figure 6.14: In3d5/2 binding energy plotted over Ti:In2O3 valence band position. Colors
indicate the substrate temperature according to the scale, maker size the oxygen content
during deposition. Triangles and circles represent samples with dopant concentrations of
2 mol% and 5 mol%. The black line represents a slope of one. Samples, which show a
specific state close to the valence band maximum, are indicated by the gray background.

XP spectroscopy of the Ti:In2O3 thin films show that core level shape and binding en-
ergies as well as position of the valence band maximum behave as expected based on the
Hall carrier concentration and observations made on other dopants. Lowest and highest
values for EF−EVBM were observed for 2 mol% and 5mol%, respectively. Nevertheless, the
dopant concentration in the target has a rather weak effect on the binding energies. Tita-
nium at the surface of films deposited at 600 ◦C or in a process atmosphere which contains
oxygen is present in a 4+ oxidation state. Lower temperatures and pure argon lead to
the presence of a feature in the band gap and a second component in the Ti2p spectrum,
which likely is correlated to Ti3+ and will be discussed in Sec. 6.4.3. Ti segregation at the
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surface is found for increasing temperature and decreasing oxygen content in the process
atmosphere. Some samples show a feature close to EF − EVBM, which will be discussed in
more detail after presenting the UP spectra in the next section.

6.4.2 Ultraviolet Photoelectron Spectroscopy and Surface Potentials

UP spectra of 2 mol% and 5mol% doped Ti:In2O3 thin films deposited at different sub-
strate temperatures or oxygen content are shown in Fig. 6.15 - Fig. 6.17. Only the regions
where either the secondary electron cutoff or the valence band maximum can be found
are displayed. All spectra were scaled for matching maximum intensities in each region.
In the subwindows the band gap state and the Fermi edge are shown. Values of the ion-
ization potential and the work function as obtained from the latter spectra are presented
in Fig. 6.18 and Fig. 6.19. The effect of the deposition conditions on the valence band
maxima and latter surface potentials will be investigated. In addition, EF − EVBM obtained
from UPS and from previously discussed XPS will be compared.

As seen in Fig. 6.15, temperatures up to 400 ◦C hardly alter the shape or position of the
valence band maximum in 5mol% samples. No significant variation of EF−EVBM coincides
with the findings from XPS measurements. A changing slope can be observed for the film
deposited at 600 ◦C. This is in contrast to the XPS measurements where a different slope
was found for the sample deposited at room temperature. The evolution of the pre-edge
emission is consistent with XPS. The feature close to the valence band maximum observed
for the 600 ◦C sample is related to the satellite line of the UV source. The position of the
secondary electron cut off shows a rather small variation up to 400 ◦C followed by a shift
of about 0.3eV. This may indicate changes at the surface to happen at 600 ◦C.
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Figure 6.15: UP spectra of 5 mol% Ti:In2O3 samples deposited in argon at substrate tem-
peratures of 20 ◦C, 200 ◦C, 300 ◦C, 400 ◦C and 600 ◦C. Different levels of gray indicate the
deposition temperature.

The temperature series for the 2 mol% doped Ti:In2O3 films (Fig. 6.16) shows similar
effects as observed for the higher doping concentration. Likewise to the XPS measurements
the slope of the valence band onset does get steeper when room temperature is exceeded
and a variation in EF −EVBM can be seen. The pre-edge feature changes and remains in the
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same shape for 200 ◦C and above. Similar ESEC values are measured for the two low and
the two high temperatures. Both sets differ by about 0.2eV.
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Figure 6.16: UP spectra of 2 mol% Ti:In2O3 samples deposited in argon at substrate temper-
atures of 20 ◦C, 200 ◦C, 400 ◦C and 600 ◦C. Different levels of gray indicate the deposition
temperature.

The effect on EF − EVBM when oxygen is added to a deposition at 400 ◦C as shown in
Fig. 6.17 is the same when UPS and XPS measurements are compared. A huge initial shift
is followed by constant values. A monotonous shift of ESEC towards lower binding energies
with increasing oxygen content can be seen.
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Figure 6.17: UP spectra of 5 mol% Ti:In2O3 samples deposited at 400 ◦C in 0 %, 0.5 %, 1 % or
2 % oxygen containing atmosphere. Different levels of gray indicate the amount of oxygen
in process atmosphere.

Ionization potentials and work functions of all Ti:In2O3 thin films are shown in Fig. 6.18
and Fig. 6.19. They are plotted either versus deposition temperature or oxygen content.
The other parameter is indicated by the marker color according to the given scale. Values
for the ionization potential lie in between 7.1 eV and 7.7 eV, for the work function between
4.2 eV and 5.4eV. Both surface potentials are therefore in the range of what is reported
for doped In2O3 [32].
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Figure 6.18: Ionization potential plotted over substrate temperature (left) and oxygen
content of process atmosphere (right) for 2 mol% (triangles) and 5 mol% (circles) doped
Ti:In2O3 films. The colors indicate oxygen content of the process atmosphere or substrate
temperature respectively.

The substrate temperature has only a minor influence on the ionization potentials.
Higher values are observed for increasing oxygen content. Looking at the distribution
of the markers it is obvious that a lower doping concentration leads to lower ionization
potentials.

Since the work functions show a larger variation, trends are more clear as for the ioniza-
tion potentials. In this case both, temperature and oxygen content, have an effect. While
higher temperatures lead to decreasing work functions increasing oxygen content has an
opposite influence. No significant difference can be observed between the two doping
concentrations.
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Figure 6.19: Work function plotted over substrate temperature (left) and oxygen content
of process atmosphere (right) for 2 mol% (triangles) and 5 mol% (circles) doped Mo:In2O3
films. The colors indicate oxygen content of the process atmosphere or substrate tempera-
ture respectively.
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The ionization potentials and work functions of the 5mol% doped samples plotted over
the Ti concentration at the surface are shown in Fig. 6.20. An increasing IP is observed for
a higher Ti concentration while the work function does not show a systematic variation.
Work functions for the room temperature samples are significantly higher than the others,
which however is related to a deviating slope of the valence band onset, since φX PS is
shown (see Sec. 4.3).

7.7

7.6

7.5

7.4

7.3

7.2

7.1

Io
ni

za
tio

n 
po

te
nt

ia
l i

n 
eV

20151050
Ti content in cat%

5.4

5.2

5.0

4.8

4.6

4.4

4.2
W

or
k 

fu
nc

tio
n 

in
 e

V

20151050
Ti content in cat%

600
400
200
0

T 
in

 °
C

Figure 6.20: Ionization potential (left) or work function (right) plotted over Titanium cat%
in the nominally 5 mol% doped films. The colors indicate substrate temperature and marker
size the oxygen content during deposition.

Observations considering the valence band maximum made by XPS and UPS are very
similar. Matching values for EF−EVBM are found except for samples deposited at room tem-
perature. Latter values determined by XPS are approximately 0.4 eV lower as compared to
UPS. The deposition temperature has only a minor effect on IP while it is more significantly
affected by the oxygen content or titanium concentration in the film and at the surface.
Lower Ti contents lead to lower values of IP. A decreasing work function is found with
increasing temperature and less oxygen in the process atmosphere. No systematic effect of
the dopant concentration can be seen.

6.4.3 Titanium Band Gap State

An emission close to the valence band onset was observed in photoelectron spectra of some
Ti:In2O3 thin films. It appears for both dopant concentrations even though the conditions
for its presence and its shape are different. For a doping concentration of 5mol% tempera-
tures below 600 ◦C and reducing conditions are required. While room temperature and an
oxygen content of 0.5 % or below lead to its observation for 2 mol% doped Ti:In2O3 thin
films. It looks similar to band tailing of the valence band maximum as seen for Sn:In2O3
thin films deposited under reducing conditions in the latter case. The origin of those tails
could, however, not be clarified [37]. For a higher doping concentration it resembles more
to a discrete emission as seen for Mo:In2O3 thin films, which will be discussed in the
following.
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Band gap states are a commonly observed feature in TiO2 [184, 185]. Occupied Ti3d
states or Ti3+ interstitials are made responsible for their observation. The Ti3+ oxidation
state should then also be visible in the Ti core level spectra. To investigate the presence of
a second titanium oxidation state, Ti2p spectra of two films, one with and one without the
band gap states, were inspected more closely. Spectra of films deposited at 400 ◦C or 600 ◦C
in argon were selected, representing samples with and without the feature respectively.
The Ti2p emissions are shown in Fig. 6.9. As specified before, the background subtraction
for the Ti2p core level is rather ambiguous. For the measurements shown here it was
carried out in two steps. At first the In 3d satellite structure, which can be seen in Fig. 6.8
in gray, was scaled, shifted and then subtracted from the Ti2p spectrum followed by a
Shirley background subtraction. The results for both films after normalization are shown
in Fig. 6.21.
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Figure 6.21: Ti2p core level spectra of films deposited in Ar at either 400 ◦C or 600 ◦C after
background subtraction. The spectra were normalized for matching Ti2p3/2 components.

Looking at the two spectra it is obvious that the FWHM of both Ti2p3/2 emissions is
significantly different. A much sharper peak is observed for the film deposited at 600 ◦C as
compared to the lower temperature. Considering the spectra of the other samples shown
in Fig. 6.9 and Fig. 6.11, it can be seen that all films showing the band gap state possess
a broader Ti2p3/2 emission. The larger FWHM of the Ti2p3/2 peak suggests, that it is
composed of two components and therefore the presence of a second titanium oxidation
state. A difference in binding energy of 1.7 eV is reported for Ti4+ and Ti3+ core levels
[186], which is significantly more than the separation of the components found here. The
presence of Ti3+ at the surface of some of the Ti:In2O3 thin films is nevertheless a possible
explanation for the broadening of the Ti2p3/2 peak and fits very well to the presence of the
band gap emission. It can however not be proven with absolute certainty.

Fang et al. [99] carried out density functional theory calculations for the electronic struc-
ture of 6.25at% doped Ti:In2O3. Similar to In2O3, the valence band maximum is domi-
nated by O 2p and and a minor fraction of In 5p states. The conduction band consists of
In 5s and strongly localized Ti3d states. The Fermi level is found to be roughly 3 eV above
the valence band maximum and only slightly below the Ti3d bands. Based on this all tita-
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nium ions should be present as Ti4+ and no band gap states originating from the Ti:In2O3
would be expected.

The latter DFT calculations are not able to predict charge carrier localization though
[187]. For other metal oxides, however, localization of charge carriers due to interaction
with lattice distortions were found to have a significant impact on the electronic structure
[187–189]. The formation of those so-called polarons reduces the free energy of a carrier.
Kweon et al. [187] could show that including carrier localization in the DFT calculations
leads to the appearance of polaron states inside the band gap of BiVO4. Carriers with a
high effective mass increase the probability for the formation of polarons. Considering the
energetic position and low dispersion of the Ti3d bands [99], Ti3+ polaron states in the
band gap of Ti:In2O3 seem conceivable. The simultaneous appearance of a band gap state
and Ti3+ in the Ti2p photoelectron spectra could be explained by the formation of polaron
states. At the bottom line, the Ti3+/4+ charge transfer point can be expected to be found
at lower energies as discussed in Ref. [99].

The deposition conditions required for the existence of Ti3+ do not lead to a conclusive
explanation. It is plausible that addition of oxygen to the process atmosphere leads to
a suppression. A decreasing intensity of the gap state with increasing temperature, i.e.
nominally more reducing conditions, is puzzling. Since the Ti segregation increases with
increasing substrate temperature, the formation of a TiO2 phase at the surface can explain
this observation, however.

The hypothesis of Ti3+ polaron states, i.e. the Ti3+/4+ charge transfer point being in the
here accessible energy range, can explain the presence of the discrete valence band states
as observed for some of Ti:In2O3thin films. Based on the observations made here no final
proof can be given, though.

6.5 Summary

• Ti:In2O3 thin films were be grown on glass by rf magnetron sputtering from 2mol%
and 5mol% doped targets. The deposition conditions, i.e. substrate temperature and
oxygen content of the process atmosphere affect the performance similar to In2O3
doped with other elements.

• XRD measurements show that the films consist of a single phase and confirm a
bixbyite structure. A correlation between texture and oxygen content of the depo-
sition atmosphere is indicated. In contrast to In2O3 thin films a (100) texture is
found under reducing conditions, transitioning to (211) when oxygen is added to the
deposition atmosphere.

• Based on conductivity and Hall-effect measurements the influence of the dopant con-
centration on the charge carrier mobility is much stronger pronounced as on the
charge carrier concentration. Mobilities of up to 105 cm2 (Vs)−1 are measured for
2 mol% Ti:In2O3 thin films. This exceeds the limits postulated by the In2O3 single
crystal model but is comparable to values obtained for H- or Zr-doped In2O3. The
mobility measured for most of the 5 mol% Ti:In2O3 samples deposited at 600 ◦C di-
minishes to almost zero. Overall carrier concentration and mobility are increasing
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with increasing substrate temperature while the addition of oxygen has an opposing
effect.

• Transmission and reflection spectra show features similar to the previously discussed
Mo:In2O3. Burstein-Moss shift and free carrier absorption provide an explanation for
the variation of the absorption onset in the UV and for the reflection in the NIR. A
good agreement between measured and modeled spectra could be achieved. Qual-
itatively, the evolution of the optical band gap and plasma frequency go along with
the carrier concentration and EF − EVBM. The conflict of µHall > µOpt is found once
again.

• XPS measurements show parallel shifting core levels and valence band maxima with
the exception of a view room temperature films. The observed shift goes in hand with
the variation of the carrier concentration. Evaluation of the Ti2p core level emission
is more complicated as compared to Mo3d due to its lower atomic sensitivity factor
and an overlap with In3d satellites. The binding energy of its most dominant com-
ponent indicates Ti to be mainly found in a 4+ oxidation state. Some films show an
emission close to the valence band maximum going with the broadening of the Ti2p
peak. Latter might be explained by a Ti3+ polaron state. Due to previously men-
tioned reasons, a quantitative evaluation of the Ti concentration at the surface could
be carried out only for 5mol% doped samples. An increasing Ti surface concentra-
tion is found for reducing conditions. Dopant segregation follows similar trends as
observed for Sn:In2O3. While the ionization potentials are affected by the dopant
concentration in the target and at the surface, no systematic effect is found for the
work function. As it could be expected based on the surface potentials measured on
TiO2 [184] no extraordinarily high values as found for Mo:In2O3 were measured.
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7 Doped Indium Oxide - A Comparison

The experimental results on Mo and Ti doped In2O3 presented so far will be discussed in
this chapter in a general context, also considering results for other dopant elements.

7.1 Optical Properties

Optical properties of Mo:In2O3 and Ti:In2O3 thin films were discussed in Sec. 5.3 and
Sec. 6.3 on the basis of transmission and reflection spectra. A qualitative description was
followed by a comparison of parameters obtained from the dielectric functions via a fit-
ting procedure. For this purpose, spectroscopic ellipsometry measurement were taken
into account as well. Significant influence of the deposition parameters was found for
both dopant elements. While carrier concentrations determined by Hall-effect measure-
ments match well with optically obtained ones, a rather poor agreement was found for the
mobility.

Transmittance and reflectance of Sn, Zr, Ge, Mo and Ti doped In2O3 thin films are shown
in Fig. 7.1. The electronic properties of the samples are given in Tab. 7.1. Films with a
conductivity similar to 5000 Scm−1 were selected.
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Figure 7.1: Transmittance and reflectance of 10 wt% Sn:In2O3, 2 wt% Zr:In2O3, 2 wt%
Ge:In2O3, 5 mol% Mo:In2O3 and 2 mol% Ti:In2O3 thin films on fused-silica or soda-lime
glass. Measurements were carried out at an incident angle of 60◦ using p polarized light.
Electronic properties are given in Tab. 7.1.

All spectra show basically the same features: absorption in the UV, transmission in the
VIS and adjacent NIR and reflection in the NIR region. Depending on the carrier con-
centration, absorption and reflection onsets are located at different wavelengths. The
Burstein-Moss effect can explain the former [112, 113] while the Drude model, describing
the correlation between free carrier absorption or plasma frequency and the carrier con-
centration, the latter [48]. Comparing the carrier concentrations given in Tab. 7.1 and the
maximum transmission as seen in Fig. 7.1, it is obvious that the carrier concentration not
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Table 7.1: Conductivity, carrier mobility and concentration of differently doped In2O3 thin
films determined by conductivity Hall-effect measurements. Properties of the samples
shown in Fig. 7.1 are presented.

material dopant concentration σhall in Scm−1 µhall in cm2V−1s−1 nhall in 1020 cm−3

Sn:In2O3 10wt% 4830 26.2 11.5
Zr:In2O3 2wt% 5113 74.10 4.31
Ge:In2O3 2wt% 5356 57.1 5.86
Mo:In2O3 5 mol% 5180 55.1 5.71
Ti:In2O3 2 mol% 5114 101 2.98

necessarily determines the film transmittance, opposite to what has been stated else where
[64, 147].

Optical spectra of all available dopant elements were simulated to investigate whether
the model applied here leads to a better match between optical and Hall-effect data. Trans-
mission, reflection and SE spectra were fitted simultaneously in order to obtain the film
thickness, carrier concentration and mobility. The model chosen for the simulation is well
established in literature [89, 148, 149]. Even though a reasonable agreement between
measured and simulated spectra can be obtained, some of the parameters extracted from
the simulations differ significantly from the values obtained by other means. Only samples
with carrier concentrations above 2 × 1020 cm−3 were considered. For lower concentra-
tions, the free carrier absorption is not occurring inside the measurement range, leading
to no meaningful results of the Drude term.

The optically and electrically determined carrier concentrations and mobilities, nopt and
nHall and µopt and µHall are compared in Fig. 7.2. Simulations were carried out assuming
a constant effective electron mass of 0.3. The resulting values are shown as open symbols.
Colored symbols indicate values obtained after adjustment to a carrier concentration de-
pendent effective mass [148]. After this correction, coinciding carrier concentrations are
found for both methods. This holds true independent on the dopant element and con-
centration. In contrast, mobilities differ quite significantly. The mobilities vary between
0− 100 cm2 (Vs)−1 or 20− 64 cm2 (Vs)−1 for the Hall-effect and optical measurements, re-
spectively. No correlation between both is found. Fujiwara et al. [148] reported a rather
similar behavior. A difference between both mobilities indeed is plausible due to the fact
that the paths electrons have to travel in DC Hall-effect or optical measurements is very
different [89, 148]. Since grain boundaries are not expected to affect optically determined
mobilities, µOpt exceeding µHall would fit in. Even though this holds true for some of the
samples, the majority show the opposite behavior.

Spectra of samples showing either low or high Hall mobility can both be simulated
adequately by the applied model. Examples for both are shown in Fig. 7.3. T, R, SE
measurements and their simulations are displayed. Arrows in Fig. 7.2 point towards the
samples chosen for the comparison. A Mo:In2O3 and a Ti:In2O3 thin film were selected.

Independent on dopant element, measured and simulated spectra match very well. It is
known that a good fit of optical spectra can also be achieved by physically unreasonable
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Figure 7.2: Comparison of carrier concentration and mobility as determined by simulation
of optical spectra and conductivity Hall-effect measurements. Grey symbols represent val-
ues of nOpt and µOpt which were calculated based on a fixed effective electron mass of 0.3.
A non-constant electron mass was assumed for the colored symbols [148]. Black lines go
through the origin and posses a slope of 1. Arrows point towards the samples displayed in
Fig. 7.3.

parameters [81]. Simultaneously analyzing different measurements as done here should,
however, reduce this uncertainty.

Koida et al. [149] reported a good agreement between optical and electrical carrier mo-
bilities for H:In2O3. Thin films with similar electronic properties as compared to this study
were analyzed in latter article. One significant difference is, however, that measurements
over a wavelength region from 1.7µm to 30µm were considered. This suggests, that the
energy range investigated in this work may not be sufficient to correctly determine carrier
mobilities from optical measurements.

Optical characterization methods are an important tool considering the properties of
TCOs. They potentially can be used for a simple determination of transparency windows
or a more complex spectrum analysis revealing the dielectric function of a material and
other physical properties.The latter particularly promises access to a variety of parameters
based on rather simple measurements. Great care has to be taken though when choosing
the optical model and starting conditions for the simulations and especially when selecting
the energy range which is analyzed.
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Figure 7.3: Transmittance, reflectance and spectroscopic ellipsometry spectra of 5 mol%
Mo:In2O3 and 2 mol% Ti:In2O3 thin films on the left and on the right respectively. All
measurements were carried out at an incident angle of 60◦. P polarized light was used
for transmission and reflection measurements shown at the top and s polarized light for
the spectra in the middle. Simulated spectra, using the model described in Sec. 3.1.5, are
displayed as well.
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7.2 Surface Potentials

7.2.1 Summary of Observations

The variation of the surface potentials of Mo:In2O3 and Ti:In2O3 thin films with the deposi-
tion conditions was presented in Sec. 5.4.4 and Sec. 6.4.2. Data obtained in the framework
of this thesis as well as data collected by other members of the research group will be dis-
cussed in this section. A comparison between undoped, Sn-, Zr-, Ge-, Mo- and Ge-doped
In2O3 thin films is carried out.

The graphs displayed in Fig. 7.4 show the work function plotted over EF − EVBM for
the different materials. Solid lines possessing a slope of −1 indicate constant ionization
potentials with values as annotated.
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Figure 7.4: Work function plotted over EF−EVBM for different dopants. Solid lines with the
slope of one indicate constant ionization potentials. Deposition temperatures are indicated
by the marker color according to the given scale.

The ionization potentials of the undoped In2O3 thin films shown here range from 6.9 eV
to 7.4 eV. Klein et al. [32] report values of ≈ 7.1 eV to be mostly found for polycrystalline
films, which tend to increase towards ≈ 7.6eV for oxidizing conditions. Simulations pre-
dict the surface termination and orientation to influence the surface dipole [7]. Different
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surfaces and terminations are expected to posses varying surface energies, which are in-
fluenced by the oxygen chemical potential of the environment. Growth conditions can
therefore be selected to stabilize certain surfaces leading to a preferential film orientation.
Epitaxial films grown by Hohmann et al. [29] confirm the latter assumptions. They either
show ionization potentials of 7.0 eV for (111) or 7.7 eV for (100) oriented thin films, which
can be stabilized by growth in reducing or oxidizing conditions, respectively.

The surface orientation is expected to influence the ionization potential of doped In2O3
samples as well. Besides the oxygen chemical potential, the dopant itself is expected to
have an effect on the stability of different surface phases. Simulations for Sn:In2O3 indeed
showed changing surface stability with changing Sn concentration [7]. Different corre-
lations between texture and deposition conditions may therefore be a result of doping.
Furthermore, dopant segregation is considered to have a significant effect on the surface
potentials. Both effects were thoroughly investigated on the example of Sn:In2O3, which
will be the starting point before discussing other dopants.

As seen in Fig. 7.4 the majority of Sn doped thin films posses an ionization potential of
about 7.6 eV [27, 28, 35, 41, 190]. Nevertheless, some samples show values below 7 eV
or above 8 eV. Surface orientation will be discussed before taking a closer look on dopant
segregation.

Samples deposited at room temperature and varying pressure of the process atmosphere
show a transition from a (111) to a (100) texture when going from 1 Pa to 5 Pa [33]. In this
case, a correlation between film texture and ionization potential is found. (100) textured
films posses ionization potentials of ≈ 7.6eV while a preferential (111) orientation leads
to IP = 7.0eV [29, 33].

In contrast to the latter observation, the ionization potential of epitaxial Sn:In2O3 thin
films grown on YSZ single crystals at substrate temperatures of 400 ◦C is found to be inde-
pendent on the film orientation. Values of 7.6 eV and 7.8eV were determined when grown
under reducing or oxidizing conditions respectively [27]. Atomic force and scanning elec-
tron microscopy revealed faceting of the (100) oriented films forming (111) surfaces. No
differences in the surface potentials are reasonable considering that in both cases the same
surface orientation was measured.

The deposition conditions influence the preferential orientation of polycrystalline thin
films [15, 27, 33, 38]. Parameters to control the texture of rf magnetron sputtered In2O3
films, however, were found to be rather inconsistent [15, 38]. Plasma excitation by pulsed
DC, i.e. pulsed DC magnetron sputtering (pDCms), proved to be a suitable tool to adjust
the texture of Sn:In2O3 thin films grown on amorphous substrates. A variation of oxygen
content or pressure of the deposition atmosphere results in strongly (100) or (111) tex-
tured thin films. Nevertheless, (111) facets were found in this work for all (100) textured
films, even for room temperature depositions.

Based on the latter observations, the stability of the (111) compared to the (100) surface
is increased by adding Sn as a dopant, leading to the formation of (111) facets on (100)
oriented films. Neither the epitaxial nor the textured films grown by pDCms are therefore
suitable to comment on the orientation dependence of IP of Sn:In2O3 films. Because of the
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findings on room temperature samples deposited by rf sputtering, orientation dependence
of the surface dipole in Sn:In2O3 is still plausible.

Comparing the ionization potentials of (111) oriented Sn:In2O3 films grown at room
temperature by rfms to ones deposited by pDCms or at 400 ◦C, a difference of about 0.7 eV
is found. While former samples show values of ≈ 7.0 eV, similar to undoped In2O3 (111)
surfaces, IP of the latter films amounts to about 7.7eV, which is much higher as expected
based on simulations [7] or experimental results on undoped In2O3 [29]. Dopant segre-
gation and the formation of a SnOx layer at the surface are possible explanations and will
be discussed in the following.

Dopant segregation was already mentioned to be an important aspect for Sn:In2O3. It
may lead to a gain or loss in surface energy depending on the surface orientation and
termination [7]. Based on calculations, energy is gained for (100) while (110) and (111)
surfaces are hardly affected. It has been reported that the Sn concentration depends on
the surface Fermi level position i.e. the overall charge carrier concentration [15, 41]. This
observation cannot be explained by a simple reduction of the surface tension by dopant
segregation. Enhanced Sn surface concentration is found for reducing conditions, i.e. high
EF − EVBM, which in turn goes with a high carrier concentrations [15]. This leads to the
conclusion that the solubility of Sn decreases under reducing conditions. One mechanism
to reduce the bulk Sn concentration is segregation of the dopant to grain boundaries or
the sample surface.

For an explanation, the defect formation in Sn:In2O3, which was introduced in
Sec. 2.4.2, has to be considered. A decreasing formation energy of oxygen interstitials is
found for high Fermi energies i.e. high Sn concentrations [36]. Latter defects are respon-
sible for the compensation of effective Sn dopant by the formation of neutral (2Sn•InOi

′′)x

defect associates [20, 21, 36, 70]. The Fermi energy is therefore determined by the concen-
tration of Sn in the lattice and the compensating oxygen interstitials. Reducing conditions
or treatments, as required for a high EF −EVBM in Sn:In2O3, go with the removal of oxygen
interstitials. The loss of the latter species can then be compensated by removal of Sn from
the lattice e.g. by segregation to grain boundaries or surfaces [15]. A further explanation
based on the free energy of formation of dopant defects will be discussed later.

Deposition temperatures above room temperature usually lead to an increased Sn sur-
face concentration and a mostly invariant IP. The segregation of Sn at the surface is a
plausible explanation for this observation. Strongly oxidizing post deposition treatments
of Sn:In2O3 films as exposure to ozone, oxygen plasma or annealing in oxygen containing
atmospheres elevates IP up and above 8.0eV [27, 32, 190]. High ionization potentials are
then a result of the formation of peroxide species at the surface [29].

Surface potentials of Zr:In2O3 thin films were investigated by Wardenga in the frame-
work of a master thesis [191]. 1wt% and 2wt% doped Zr:In2O3 thin films tend to show
ionization potentials of 7.4 eV. At high Fermi energies, slightly decreasing values of IP are
found for 1mol% samples. The Zr content at the surface increases with both temperature
and oxygen content in the process atmosphere. Here it is not possible to conclude on a
correlation between Zr content and IP. Since insufficient XRD data are available for this
material, no comment can be made on a possible orientation dependence.
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Hoyer et al. [35] carried out an in depth investigation of the surface potentials and
dopant segregation of germanium doped In2O3 thin films in her Master thesis. The
Ge:In2O3 samples show an average IP of ≈ 7.7 eV, which is decreasing with increasing
Fermi energy. Since the film orientation is hardly affected by the deposition conditions,
it can be ruled out as influencing parameter. A strong variation of the surface germa-
nium concentration with the deposition conditions indicates significant dopant segrega-
tion. In contrast to the observations made on Sn:In2O3, an enhanced dopant concentration
is found for oxidizing conditions. High ionization potentials and Ge surface concentrations
are both observed for oxidizing deposition conditions. A correlation between the latter is
therefore suggested. The formation of a GeO2 surface layer may be an explanation for the
values similar to 8eV under oxidizing conditions.

The determination of surface potentials of Mo:In2O3 thin films was presented in
Sec. 5.4.4. In comparison to the other dopants, the largest variation in IP is found.
Values in the range between 7.0eV and 9.0 eV were measured. No difference is found
for the different dopant concentrations investigated in this work. The dependence of the
Mo surface concentration is alike to Ge:In2O3 thin films, except that the maximum concen-
tration is reached at 400 ◦C. A clear correlation between Mo segregation and ionization
potential is found. IP increases up to a surface Mo content of about 8at% followed by
constant values. At similar substrate temperatures, oxidizing conditions lead to higher IP
values as compared to reducing conditions. The IP found for a molybdenum oxide thin film
grown on Sn:In2O3 amounts to 9.6 eV. Other surface potentials for MoO3 can be found in
Tab. 9.1. The formation of a MoO3 surface layer can therefore explain the exceptionally
high ionization potentials of high temperature films deposited with oxygen. Since IP and
Mo surface concentrations are little affected by temperatures above 400 ◦C, it can be as-
sumed that a potential surface layer is fully developed and no further effect on the surface
dipole is obtained. Based on the available XRD data in this work no conclusion can be
drawn considering a correlation between texture and IP. The presence of MoO3 could,
however, be confirmed for a sample deposited at 600 ◦C.

In Sec. 6.4.2 the surface potentials of Ti:In2O3 thin films were presented. The correla-
tion between φ and EF − EVBM is shown in Fig. 7.4. Most of the samples posses ionization
potentials of about 7.5 eV while ≈ 7.1 eV and ≈ 7.7eV are the lowest and highest mea-
sured values. The Ti surface concentration was quantified for 5mol% doped samples and
shows a behavior similar to Sn:In2O3, i.e. reducing conditions lead to stronger segrega-
tion. For the 5mol% doped films a slight increase in IP is observed with increasing Ti
concentration at the surface. The variation amounts to 0.3eV. No systematic variation of
IP with EF − EVBM can be seen for higher dopant concentrations while decreasing ioniza-
tion potentials with increasing Fermi energy are found for the 2mol% thin films. Single
and polycrystalline anatase or rutile samples posses ionization potentials between 7.4eV
and 7.9eV, which depends strongly on the preparation and surface treatment [184]. Since
ionization potentials observed for Ti:In2O3 are similar to the ones of other doped In2O3 as
well as to TiO2, no clear conclusion concerning possible titanium oxide surface layers can
be drawn. The XRD patterns shown in Sec. 6.1 hint on the film texture to be influenced by
the deposition conditions. Due to the lack of more data a correlation between IP and the
film texture cannot be commented on.
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After comparing the ionization potentials of differently doped In2O3 thin films, it is
obvious that the measured values are highly dopant specific. IP of the doped films is
limited on the low side by the values measured for In2O3. Depending on the dopant,
much higher values may be obtained. Orientation dependence was found for epitaxial
In2O3 films but cannot be confirmed for Sn:In2O3, which, however, might be explained
by the formation of (111) facets. Room temperature Sn:In2O3 samples seem to show a
correlation. Due to limited XRD data for the other dopants no comment on the orientation
dependence of IP can be made here.

The major effect on the IP seems to have its origin in surface segregation of the dopant.
While an increasing surface concentration of Sn and Ti is observed under reducing condi-
tions, elevated temperatures and oxygen in the deposition atmosphere favor dopant seg-
regation of Ge and Mo. A significantly increased dopant concentration at the surface may
result in the formation of a surface oxide layer. Considering that Sn and Ti segregation
is stronger under reducing deposition conditions, reduced surfaces, containing Sn2+ and
Ti3+ seem plausible [35]. Oxidizing conditions, as required for stronger dopant segrega-
tion in the case of Ge:In2O3 and Mo:In2O3 may promote the formation of stoichiometric
or oxidized surfaces. The exceptionally high ionization potentials found for Mo:In2O3 fit
quite well to the values of MoO3. A lower ionization potential, most likely similar to SnO2,
is expected for GeO2. Good agreement of the measured values point towards the formation
of a GeO2 surface layer [35].

7.2.2 Influence of Dopant Segregation

Surface dopant segregation seems to be decisive for the surface potentials of doped In2O3.
Possible parameters influencing the segregation will be discussed in the following. An
attempt at clarifying the reasons why either reducing or oxidizing conditions lead to en-
hanced dopant surface segregation will be made.

It is assumed that the dopant may either be incorporated in the In2O3 lattice as substi-
tutional defect D•In or form an oxide layer at the surface DOseg

2 . Since the absolute amount
of dopant in a sample must be maintained, the following reaction equation can be used to
describe the equilibrium between dopant in the sample and at the surface [46]:

2D•In + 3Ox
O + 2e′ +

1
2

O2 (g)� 2DO2 (seg) (7.1)

This equation is valid for oxidizing conditions. For reducing conditions, the formation
of monoxides is more likely. Independent on the conditions, the free energy of formation
of the substitutional defect and of the dopant oxide can be assumed to determine dopant
segregation.

Standard molar Gibbs free energies of formation for the possible oxides are given in
literature [192] and are shown in Tab. 7.2. A higher absolute value of ∆fG

0 indicates
a higher stability of the oxide. The formation of the segregated phase is therefore more
favorable with increasing absolute value ∆fG

0.
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Table 7.2: Standard molar Gibbs free energy of formation given for different oxides[192].
Compound ∆fG

0 in kJ/mol Compound ∆fG
0 in kJ/mol

In2O3 −830.7 InO n.a.
SnO2 −515.8 SnO −251.9
GeO2 −521.4 GeO −237.2
ZrO2 −1042.8
MoO3 −668.0 MoO2 −553.0
TiO2 −888.8 TiO −495.0

The Gibbs free energy for the formation of defects ∆GD must be calculated and is only
available in the case of Sn:In2O3 and Mo:In2O3 [3, 26]. It is therefore not possible to
directly compare oxide and defect formation energies of all dopants. ∆GD can be described
by Eq. 7.2 in the case of In2O3 [22, 24, 193–196]:

∆GD = Gdef − Ghost −∆nInµIn −∆nOµO + q (EVBM + EF) (7.2)

with Gdef and Ghost being the free energy of a defective and an ideal supercell, ∆ni the
change of atoms i from the ideal to the defective system, µi the chemical potentials and
q the charge of the defect. The Gibbs free energy of formation of a defect changes with
the chemical potential of indium and oxygen and in case of a charged defect based on the
Fermi level position.

An other way to express the free energy of formation of a defect is shown in Eq. 7.3
[22]:

∆GD =∆HD − T∆SD + p∆VD (7.3)

with the formation enthalpy ∆HD, the formation entropy ∆SD and formation volume
∆VD. Since the formation enthalpy ∆HD has the strongest contribution to ∆GD, the fol-
lowing approximation is commonly made: ∆GD ≈ ∆HD (T = 0 K). For different dopant
elements, it is nevertheless important to consider the formation volume, which is strongly
correlated to the ionic radii of the dopant elements compared to the native Inx

In [196, 197].
A large difference between ri,e f f

�

D4+
�

and ri,e f f

�

In3+
�

requires a stronger lattice distor-
tion to be compensated, which is energetically unfavorable [99, 193]. The effective ionic
radii of all relevant elements are given in Tab. 2.1.

The defect formation energy ∆GD can be used to calculate the equilibrium defect con-
centration cdef [195, 198]:

cdef = csites exp
�

−
∆GD

kbT

�

(7.4)
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Since ∆GD is a function of EF − EVBM and the defect formation volume, cdef will be as
well. On the one hand, a larger difference in ionic radii leads to a lower equilibrium defect
concentration. On the other hand, ∆GD increases with increasing Fermi energy in the case
of positively charged defects as D•In. The solubility of the dopant therefore is expected to
decrease with increasing ∆VD and with increasing EF − EVBM.

The transition from a positive to negative defect formation energy is critical for the
stability of a material. Defect concentrations would exceed the concentration of lattice
sites for negative ∆GD. It is important to differentiate between intrinsic and extrinsic
defects. For intrinsic defects such as oxygen vacancies, a negative formation energy would
result in the destabilization of the material. Energy would be gained by the formation
of defects and the material is thermodynamically unstable [195, 199, 200]. A negative
formation energy of extrinsic defects as D•In does not necessarily lead to a destabilization.
In the case of a limited dopant supply, it is energetically favorable to integrate all of the
available dopants. Whether all of the dopant will be dissolved in the host crystal depends
on the existence and stability of other ternary compounds or phases [193].

Dopant defect and oxide formation so far were discussed as competing mechanisms,
which determine dopant segregation. While the defect formation volume and ∆fG

0 of a
surface oxide layer are both fixed by the choice of dopant element, ∆GD still depends on
the electrochemical potential in the sample. The first two parameters should allow for a
first guess on how strong dopant segregation is to be expected. ∆GD depends on EF−EVBM
independent on the dopant, therefore a similar effect on the segregation is expected upon
variation of the latter for any D•In.

In Fig. 7.5, ∆fG
0 is plotted over ∆ri,e f f , which is the difference in the effective ionic

radii of InIn and D•In. Segregation is expected to be more significant when either one
or both energies are large. No clear tendency, which of the latter energies is dominat-
ing the segregation can be identified. ∆fG

0 of ZrO2 is by far the largest but ri,e f f

�

Zr4+
�

matches very well to ri,e f f

�

In3+
�

. This compares to the absence of strong dopant segre-
gation for Zr:In2O3. The oxides formed by Sn and Ge posses similar formation energies
while their ionic radii are significantly different. For both, an increased dopant concen-
tration at the surface was found. ri,e f f

�

Mo4+
�

is only slightly smaller then ri,e f f

�

Sn4+
�

whereas ri,e f f

�

Mo6+
�

differs more significantly. Both have a higher ∆fG
0, Mo:In2O3 still

shows strong surface segregation. TiO2 forms the second most stable oxide and possesses
a rather large ∆ri,e f f and ∆fG

0 and a strong dopant segregation could be seen. While
oxidizing conditions were required for enhanced dopant segregation in case of Ge:In2O3
and Mo:In2O3, its the opposite for Sn:In2O3 and Ti:In2O3.

The reason why either reducing or oxidizing conditions lead to enhanced dopant seg-
regation is not clear yet. Based on Eq. 7.2 a dependence of the Gibbs free formation
energy of dopant defects on the Fermi level is obvious. Higher values of ∆GD result in
a lower equilibrium dopant concentration (Eq. 7.4) or a shift of the chemical equilibrium
(Eq. 7.1) towards DOseg

2 . This means a stronger segregation would be expected for a higher
EF − EVBM, i.e. reducing conditions, independent on the dopant element.

Only for Sn:In2O3 thin films, a clear correlation between relative Sn content at the
surface and EF − EVBM was found in the expected manner [41]. Higher Sn surface con-
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centrations are achieved under reducing condition, i.e. higher EF − EVBM. Calculations by
Lany et al. [3] which predict such a behavior were confirmed by XPS measurements [41].
This observation was previously explained based on the competing defect concentrations
of Sn•In and (2Sn•InOi

′′)x [15, 35]. An opposing correlation between EF − EVBM and the Ge
surface concentration was found for Ge:In2O3 thin films [35]. Oxidizing conditions lead
to enhanced Ge segregation.

It has to be considered that the discussion so far assumes a sample to be in thermody-
namic equilibrium. Since magnetron sputtering is a non-equilibrium deposition method,
it is likely that as-deposited films are not in equilibrium. For Sn:In2O3 thin films, how-
ever, temperature and atmosphere dependent Hall effect as well as high pressure XPS
measurements showed a reversibility of the charge carrier concentration or Fermi energy,
respectively [15, 29, 39, 41]. Latter samples therefore can be assumed to be in thermody-
namic equilibrium and the dopant solubility obeys the expected Fermi level dependence.
Similar experiments were carried out for Ge:In2O3 samples. The charge carrier concentra-
tion proved not to be reversible. Therefore it is reasonable to assume that latter films are
not in thermodynamic equilibrium and former rules are not applicable.

While SnO2 and GeO2 posses a very similar free energy of formation, the effective ionic
radius of Ge4+ is significantly smaller than that of Sn4+. Due to the large∆ri,e f f , a stronger
distortion of the Ge:In2O3 lattice is expected, reducing the diffusion of the dopant signif-
icantly [197]. Based on this assumption, the following hypothesis may explain enhanced
dopant segregation under oxidizing conditions. Additional oxygen in the deposition atmo-
sphere leads to a stronger bombardment of the sample with highly energetic oxygen ions,
which eventually increases the concentration of O′′i . It is reasonable to assume that the
lattice distortion introduced by doping with germanium is reduced by the incorporation
of oxygen interstitials. A reduced stress state of the lattice is likely to results in a faster
diffusion.

This explanation seems plausible when following requirements are met: (i) doped In2O3
thin films are not in thermodynamic equilibrium after the deposition; (ii) the dopant con-
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centration in the sample is larger than the equilibrium solubility; (iii) diffusion is hindered
due to the lattice distortion introduced by a large ∆VD; (iv) incorporation of O′′i leads to a
lattice relaxation and increased diffusivity.

Above given model is suitable to explain segregation in Sn:In2O3 films under reducing
conditions and in Ge:In2O3 films under oxidizing conditions. When Mo:In2O3 and Ti:In2O3
samples are considered it nevertheless seems to have its limits. The order of the effective
ionic radii is as follows: Sn4+ > Mo4+ > Ti4+ > Ge4+. Enhanced dopant segregation
under reducing or oxidizing conditions for Ti:In2O3 or Mo:In2O3 samples, respectively, is
therefore unexpected. No final conclusion can be drawn here.

7.2.3 Summary

Surface potentials of doped and undoped In2O3 thin films were discusse in this section.
The deposition conditions always have a strong impact on EF − EVBM and φ while the vari-
ation of the surface dipole or IP strongly depends on the dopant element. Post deposition
treatments sometimes are necessary to affect the ionization potential. The lower limit in
IP of about 7.0eV is defined by undoped In2O3. Highest values of 9.0 eV were found for
Mo:In2O3. Dopant segregation to the surface and presumable the formation of a dopant
oxide layer DOseg

2 strongly influences the surface dipole.

A hypothesis explaining enhanced dopant segregation for either reducing or oxidizing
conditions was given. Only samples being in thermodynamic equilibrium are expected
to follow a Fermi level dependence as predicted by Eq. 7.2. Large ∆VD are assumed to
reduce dopant diffusion, hindering a sample to reach thermodynamic equilibrium. The
diffusivity can be increased by the incorporation of oxygen interstitials, leading to en-
hanced dopant segregation under oxidizing conditions. When the effective ionic radii of
the dopants investigated here are compared, this model is not fully supported. Since it
is based on a sample being in thermodynamic equilibrium or not, the latter fact has to
be investigated in more detail. Temperature and atmosphere dependent conductivity and
Hall effect measurements are a suitable starting point. Reversible carrier concentrations
confirm thermodynamic equilibrium in Sn:In2O3 thin films [15, 39]. Such experiments can
take up to several weeks and have not been conducted in this work. Temperature and at-
mosphere dependent conductivity and Hall effect measurements carried out for Ge:In2O3
lead to opposite observations. Relaxation times allowed in these experiments were maybe
too short for establishing thermodynamic equilibrium in the sample. It is therefore re-
quired to repeat latter experiments to be able to judge whether the foundation of this
hypothesis is reasonable.

7.3 Carrier Concentration

The influence of the deposition conditions on the carrier concentration in Mo:In2O3 and
Ti:In2O3 thin films was discussed in Sec. 5.2 and Sec. 6.2. Similar to other dopants, the
oxygen chemical potential, being defined by the amount of oxygen in the deposition at-
mosphere, was found to significantly affect n. Substrate temperature is important for the
film crystallinity and dopant segregation, therefore influencing the carrier concentration
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as well. While the donor concentration influences n, the correlation is not necessarily
uniform.

Carrier concentrations of various doped and undoped In2O3 thin films are shown in
Fig. 7.6. Data measured by former members of the research group, and those collected in
the framework of this thesis are shown. The nominal dopant concentration of the films,
which is based on the dopant concentration in the target as specified by the manufac-
turer, is the theoretical limit for n. Black lines indicate the latter values. Nominal dopant
concentrations in the target and resulting carrier concentrations are given in Tab. 9.2.
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Figure 7.6: Hall carrier concentration of differently doped In2O3 thin films. The gray bars
indicate the theoretically possible carrier concentration based on the nominal dopant con-
centration in the sputter targets.

The films show carrier concentrations varying by several orders of magnitude vor every
dopant. Different substrate temperatures and oxygen content of the atmosphere during the
deposition are the reason for this large diversity. The maximum in n is related to the dopant
species and concentration. It is questionable whether the highest carrier concentrations
measured for 2mol% Mo:In2O3 and 5 mol% Ti:In2O3 should be taken into account. In
comparison to the other data points they seem unrealistically high.

Before discussing the doping limits in detail, an equation describing the total carrier con-
centration will be introduced. The total carrier concentration in doped In2O3 is determined
by a variety of parameters. Eq. 7.5 summarizes the most relevant ones.

n=
�

D
�

−
�

A−intr

�

−
�

D0
�

−
�

Cat−cat

�

−
�

Dseg
�

(7.5)
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[D] is the nominal concentration of donor dopants,
�

A−intr

�

the concentration of intrinsic
acceptors,

�

D0
�

of neutral dopants,
�

Cat−cat

�

of negatively charged host cations and [Dseg]
of segregated dopants.

[D] is given by the amount of extrinsic donors in the film. Intrinsic donors as V••O hardly
contribute due to their comparably low concentration and therefore can be neglected [21,
67]. The nominal concentration of donor dopants is assumed to be equal to the dopant
concentration in the target as specified by the manufacturer.
�

A−intr

�

is assumed to resemble the concentration of oxygen interstitials. As explained
in Sec. 2.4.1, these are the dominating intrinsic acceptor defect in Sn:In2O3 and explain
the oxygen dependence of the carrier concentration. Since a similar influence of oxygen is
observed for all other dopants, Oi

′′ is assumed as dominating intrinsic acceptor in doped
In2O3 in general [3, 20]. Other intrinsic acceptor defects are indium vacancies V′′′In , which
are expected to be of minor importance though.
�

D0
�

depends on the charge transfer point in relation to the Fermi energy. Charge trans-
fer points are defined as the energy level for the transition from donor to neutral or ac-
ceptor state [189]. Above this energy, dopant states will be charged at the expense of free
carriers.
�

Cat−cat

�

depends, similar to the latter mechanism, on charge transfer points. The dif-
ference is that a valence change of the host cations i.e. InIn are considered this time. A
limitation of the Fermi energy due to this effect could be shown for iron oxide [189].

[Dseg] specifies the concentration of inactive, segregated dopants, which is not incor-
porated in the lattice on appropriate donor sites. For high dopant concentrations, phase
separation may even occur, as was reported for Sn:In2O3 [33, 41].

The above given processes describe possible mechanisms, exhibiting doping limits in
In2O3. From Fig. 7.6 it can be seen that those limits or the doping efficiency, i.e. the total
carrier concentration as compared to the nominal dopant concentration, vary with dopant
species and concentration. Highest n is obtained for Sn:In2O3 followed by Ge:In2O3,
Mo:In2O3 and Ti:In2O3, both with similar values and finally Zr:In2O3. The exception-
ally high carrier concentrations measured for few 2 mol% Mo:In2O3 and 5mol% Ti:In2O3
are most likely not attributed to real carrier concentrations and will therefore be neglected.

The diagrams shown in Fig. 7.7 will be used to discuss each of the mentioned processes.
To explain self compensation, i.e. the formation of intrinsic defects, and dopant segregation
the defect formation energy in dependence of the Fermi energy has to be considered.
Energy band diagrams shown in the middle and on the right illustrate charge transfer and
valence change. The mechanisms will be discussed separately before a final remark is
made.

7.3.1 Doping Limit by Intrinsic Defects: Self-Compensation

As can be seen in Fig. 7.7, formation energies of charged defects depend on the Fermi
energy [22, 36, 193]. Intrinsic defect and charge carrier concentration therefore are cor-
related [33]. The formation energy of Oi

′′ and V′′′In in In2O3 is decreasing with increasing
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Figure 7.7: Schematic representation of the Fermi energy limiting mechanisms in doped
In2O3 on the basis of [33]. Formation enthalpies of Oi and SnIn in dependence of the Fermi
energy, for O- and In-rich conditions are given on the left. The limits in EF, as well as the
defect energy ED are annotated. An illustration for charge transfer and valence change is
given by the schematic band diagrams in the middle and on the right.

EF − EVBM due to their negative charge. This resembles an increasing concentration of
intrinsic acceptors [200]. The Fermi energy reaches its limit when the formation en-
ergy of intrinsic acceptor defects approaches zero. Any additional donor beyond this
point is compensated by the formation of an acceptor state. This mechanism is called
self-compensation and reported to be the limiting process for the carrier concentration in
donor-doped In2O3 [33, 200]

The formation energy of oxygen interstitials commonly approaches zero for lower values
of EF − EVBM as compared to the one of indium vacancies [3, 22]. It is therefore sufficient
to focus on Oi

′′. Fermi energies for which the formation energy of latter defect is zero are
shown in Tab. 7.3. They were calculated for doped and undoped In2O3, under In- and O-
rich conditions. Comparing the values for both conditions, self-compensation is expected
to start at much higher energies under reducing conditions. Highest carrier concentra-
tions obtained for reducing conditions confirm latter point. The absolute limit for the
Fermi energy due to self-compensation is nevertheless much higher as its experimentally
determined maximum.

Table 7.3: Fermi energies for which defect formation energies of Oi
′′ in doped and un-

doped In2O3 approach zero. Values are given in eV. a Only formation energies for VIn were
available in [26], latter are given.

material In-rich O-rich Ref.
In2O3 4.1 2.2 [22]

Sn:In2O3 4.4 3 [3]
Sn:In2O3/Mo:In2O3 ≈ 9.89 ≈ 5.16 [26]a

Formation energies of each defect type are calculated separately (Eq. 7.3). If association
energies of the defects are neglected, all formation energies but the ones for the dopant
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defect itself are independent on the dopant element [3, 22, 26]. Based on this, identical
values for EF − EVBM should be expected for all dopant elements. Since the formation
energies of the dopant defects and the density of states may differ for each dopant element,
slight variations in the carrier concentrations can still be expected. For increasing dopant
concentration, association energies of the defects gain importance [22]. Dopant dependent
differences in formation energies are therefore plausible but cannot be evaluated here.

In Sec. 7.2, the effective ionic radius of the dopant element and the correlated defect
formation volume was mentioned. Smaller ionic radii as compared to the native In3+

lead to a stronger lattice distortion, which in turn may decrease the formation energy
of Oi

′′. A dopant element and concentration dependent Oi
′′ formation energy further

indicates dopant specific limits for EF−EVBM. The most simple consideration is a decreasing
formation energy with decreasing ionic radius. In this case, self-compensation would be
expected to start at lower EF − EVBM resulting in a lower maximum carrier concentration.
Comparing the ionic radii given in Sec. 2.4 to the maximum carrier concentration this can
not be confirmed, though.

7.3.2 Doping Limit by Charge Transfer Points

The energy level of the dopant ED, i.e. its transition point from a donor to a neutral or
acceptor state and vice versa can limit the carrier concentration in doped semiconductors
as well [189, 201]. It is indicated on the left side of Fig. 7.7 and a schematic band diagram
suitable to describe this mechanism in doped In2O3 is shown in the middle. Raising the
Fermi energy beyond the donor level would result in charge transfer to this state, coun-
teracting an increase in Fermi energy. To comment on whether charge transfer points of
the dopant elements limit the carrier concentration in doped In2O3, those energies will be
estimated and compared to experimental results.

Charge transfer points either can be calculated [26, 201] or, since this mechanism goes
with a change of the dopant oxidation state, evaluated based on redox potentials. The elec-
trochemical series references redox-reactions to the standard hydrogen electrode (SHE),
which in turn can be used to asses the transition points relative to the vacuum level [192].
Eq. 7.6 can be used to do the transfer between both energy scales [202]:

Ephys = − (ESHE + 4.44 eV) (7.6)

An energy of 0eV relative to the vacuum level (Ephys) is equal to −4.44 eV on the SHE
scale (ESHE). Tab. 7.4 gives an overview for the relevant standard reduction potentials, if
available. In some cases a comparison to other references is given to estimate the potentials
for missing reactions.

The variation in work function defines the variation of the Fermi energy with respect to
the vacuum level. For easy comparison, the charge transfer points and the experimentally
accessible range of the Fermi energy are visualized in Fig. 7.8 for In and all dopants.
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Table 7.4: Redox reactions and corresponding reduction potentials vs. the standard hy-
drogen electrode E0 (if not explicitly annotated) or the vacuum level Ephys [192]. a E vs.
SCE from [203], b vs. silver-silver chloride [Ag-AgCl (0.1N)] reference electrode in molten,
equimolar KCl-NaCl salt, taken from [204].

Reaction E0 in V Ephys in eV
In
In4+/2+ +0.015 −4.455
In+ + e−� In −0.14 −4.3
In2+ + e−� In+ −0.40 −4.04
In3+ + e−� In2+ −0.49 −3.95
In3+ + 2e−� In+ −0.443 −3.997
In3+ + 3e−� In −0.3382 −4.1018
Sn
Sn2+ + 2e−� Sn −0.1375 −4.3025
Sn4+ + 2e−� Sn2+ +0.151 −4.591
Zr
Zr4+ + 4e−� Zr −1.45 −2.99
Ge
Ge2+ + 2e−� Ge +0.24 −4.68
Ge4+ + 4e−� Ge +0.124 −4.564
Ge4+ + 2e−� Ge2+ +0.00 −4.4
Mo
Mo3+ + 3e−�Mo −0.200 −4.24
(Mo6+ + e−�Mo5+) (+0.43) −4.87
a Mo6+ + e−�Mo5+ +1.0
a Mo5+ + e−�Mo4+ −0.1
a Mo4+ + e−�Mo3+ −0.7
Ti
Ti2+ + 2e−� Ti −1.630 −2.81
Ti3+ + e−� Ti2+ −0.9 −3.54
Ti3+ + 3e−� Ti −1.37 −3.07
b Ti4+ + e−� Ti3+ −0.37
b Ti3+ + e−� Ti2+ −1.0

In the case of Sn:In2O3 and Ge:In2O3, the relevant standard reduction potentials of the
donor/acceptor transition are known. It can be seen that the position of the charge transfer
point is inside of the accessible Fermi energy range for both dopants. A location towards
the top is noticeable.

Only the 4+/0 transfer point was found for zirconium. No other stable oxidation states
are expected, though. A large difference of the Fermi level position and the charge transfer
point is expected for Zr:In2O3.

Standard reduction potentials could not be found for all relevant donor/neutral,
donor/acceptor levels and dopants. To comment on whether charge transfer points
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limit the Fermi energy in those cases, further considerations have to be made. Reduc-
tion/oxidation does not necessarily follow a consecutive order from highest to lowest oxi-
dation state. For assumptions regarding the relevant charge transfer levels of molybdenum
and titanium references dealing with electrochemical studies of latter have to be included.

Pennisi [203] determined the average half cell reaction potentials of molybdic acid at
a graphite electrode in sulfuric acid. The voltages vs. saturated calomel electrode were
found to change from 1.0V to −0.7 V for the reactions: Mo6+ + e−�Mo5+; Mo5+ + e−�
Mo4+; Mo4+ + e− � Mo3+. The electrochemical reduction of Ti4+, as well carried out
in KCl-NaCl melt, lead to reactions in following order [204]: Ti4+ + e− � Ti3+; Ti3+ +
e− � Ti2+; Ti2+ + 2e− � Ti (Pt alloy); Ti2+ + 2e− � Ti (pure). Complex formation or
other processes, which stabilize otherwise unfavorable species will not be considered in
the following.

Including latter studies into the picture of standard reduction potentials, following
estimations can be made: the charge transfer point for Mo:In2O3 and Ti:In2O3, i.e.
Mo4+/Mo3+ and Ti4+/Ti3+, are expected close to EF,max. A similar image as for Sn:In2O3
and Ge:In2O3 is drawn.

When comparing the highest Fermi energies in In2O3 to the dopant dependent
charge transfer points, estimated from standard reduction potentials, donor/neutral or
donor/acceptor transitions are found close to the highest accessible Fermi energy in each
material. The only exception is given by Zr:In2O3, with the transfer level far above EF,max.

A second approach is based on the calculation of the donor transition levels. As before,
data is rather scarce. Swallow et al. [26] calculated the 0/+1 transition level for SnIn
and MoIn, obtaining values of 0.85eV and 0.64eV above the conduction band minimum.
In combination with the band gap, which was calculated to be 2.63eV, transfer points
are expected at 3.48eV and 3.27 eV above the valence band maximum. These values for
Sn:In2O3 and Mo:In2O3 fit very well to the highest EF − EVBM measured by XPS of 3.54eV
and 3.24eV respectively.
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Simulations for Ti:In2O3, carried out by Raebiger et al. [201], lead to a Ti3+/Ti4+ tran-
sition energy of 2.70eV with respect to the valence band maximum. According to the
latter article this results in a position of 0.7 eV below the conduction band minimum, i.e.
the Fermi energy being limited inside the band gap. The band gap used in this work of
3.4eV overestimates the fundamental band gap and is closer to what is expected for the
optical band gap of thin films. The transition level is still found below the conduction band
minimum even when a more realistic band gap of 2.9eV is assumed. Measurements on
Ti:In2O3 thin films, carried out in this work, lead to a maximum EF − EVBM value of 3.2 eV,
which is significantly higher as predicted by Raebiger et al. [201]. Since the samples with
a high Fermi energy show the presence of Ti3+ states according to the experiment, the
Ti3+/Ti4+ charge transfer point is a plausible limit for the in Ti:In2O3. The mismatch
in calculated and experimentally determined Fermi energy as well as an over-estimated
fundamental band gap, raise the question of the accuracy of the conducted calculations.

It is reasonable to assume that the Fermi energy and therefore the charge carrier concen-
tration is limited by donor/neutral or donor/acceptor transitions. The approaches taken
here, i.e. a comparison to standard reduction potentials and calculated values, support this
assumption. The only exception is made by Zr:In2O3. No clear conclusion can be drawn
though because of a lack of reliable data. Standard reduction potentials are determined
in solution and may significantly differ in in a solid. Calculations carried out by Swallow
et al. [26] are very close to experimental results. Latter therefore suggest the described
limitation of the Fermi energy.

The energies for the valence changes of In, being the host cation, are given in Tab. 7.4
and Fig. 7.8. The mechanism is comparable to the charge transfer of the dopant ions.
The schematic band diagrams shown for both mechanisms in Fig. 7.7 are therefore similar.
The Fermi energy range displayed in Fig. 7.8 is based on the work functions measured for
In2O3. Similar to most of the dopants, the charge transfer of the host cation to form an
acceptor is positioned close to the highest accessible Fermi energy.

7.3.3 Doping Limit by Dopant Segregation

Dopant segregation was discussed in Sec. 7.2 to have a significant effect on the surface
dipole of doped In2O3 thin films. The formation of dopant oxide layers at the surface is
an explanation for the exceptionally high ionization potentials for some of the materials.
At high dopant concentrations phase separation, was also reported to occur in Sn:In2O3
[33, 41, 205]. Considering that dopants become inactive when not incorporated in the
lattice on appropriate sites [33, 61], a correlation between dopant segregation and carrier
concentration or EF − EVBM is plausible. In Sec. 7.2 the segregation behavior was pointed
out to be specific for each dopant element. Before comparing the different dopant ele-
ments, a look will be taken on the segregation behavior in the extensively studied Sn:In2O3
[15, 41, 206].

Sn4+ usually is incorporated as substitutional defect on an In3+ lattice site [9, 67, 205].
If compensating defects as Oi

′′are not considered, each Sn donates one electron [33, 200].
Dopants bound in a secondary phase or a surface oxide layer do not count to the electron
donors. Hall-effect measurements at high temperatures further indicate Sn segregation
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to the grain boundaries [29]. Especially here, Sn might be present as Sn2+ forming an
acceptor state and therefore acting as electron trap [15].

The defect formation energy of Sn•In increases with increasing Fermi energy due to its
positive charge. Latter dependence is shown on the left in Fig. 7.7. According to Eq. 7.4,
the solubility of a defect decreases with increasing formation energy. A lower Sn concen-
tration and therefore an enhanced segregation is expected for increasing Fermi energy.
Depending on the correlation between the Oi

′′ and Sn•In formation energies, segregation
may further be enhanced to compensate for the lack of Oi

′′ at high Fermi energies and
reducing conditions as was discussed before.

A comparison between the dopant surface- and Hall carrier concentration is shown for
Sn, Ge, Mo and Ti as dopant elements in Fig. 7.9. The surface concentration is given in
cat% as determined by XPS. For Zr:In2O3 and 2 mol% doped Ti:In2O3 thin films no data
for the surface concentration are available. Measurements carried out in this work were
added to the data points published for Sn:In2O3 by Frischbier et al.[15].
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Figure 7.9: Dopant concentration at the surface, as determined by XPS, plotted over the
Hall carrier concentration. Dopant element and nominal concentration is specified in each
graph. Marker color and size indicate deposition temperature or oxygen content in the
deposition atmosphere.
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Depending on the Sn concentration in the target, different surface concentrations are
measured. Enhanced Sn segregation can be seen for increasing carrier concentration, i.e.
reducing deposition conditions [15]. Nominal dopant concentrations of 2wt% and 10wt%
are required for latter observation. The highest carrier concentration measured for 0.5 wt%
doped films is one order of magnitude below the absolute maximum observed in Sn:In2O3.
This means the dopant surface concentration starts to increase when n is approaching
its absolute limit. As previously explained an increasing Fermi energy is counteracted
by the formation of Oi

′′. If the abundance of oxygen is restricted, the concentration of
Oi
′′ is restricted as well. Under reducing conditions, increasing EF − EVBM therefore is

compensated by the exclusion of Sn donors from the lattice, i.e. by segregation to the
surface and to the grain boundaries [35]. Vice versa, addition of oxygen results in a
reduction of the carrier and of the dopant surface concentration.

The segregation behavior of Ti in In2O3 is similar to Sn. An increasing Ti surface con-
centration with increasing carrier concentration therefore match the expectations.

While the surface concentration in Sn:In2O3 and Mo:In2O3 thin films clearly corresponds
to the nominal dopant concentration in the target, the Ge concentration at the surface of
Ge:In2O3 thin films does not depend on the Ge concentration in the target. Similarly, the
maximum carrier concentration in Sn:In2O3 and Mo:In2O3 thin films is affected by the
nominal dopant concentration in the target, while hardly any variation can be seen in
Fig. 7.6 for Ge:In2O3. Overall, the differences in the Ge surface concentration are rather
weak. Highest values are found between 1019 − 1020 cm−3 when significant amounts of
oxygen are added to the deposition atmosphere. Those observations fit to the reports of
enhanced segregation under oxidizing conditions [35].

Mo:In2O3 thin films were previously discussed to show a segregation behavior more sim-
ilar to Ge:In2O3. A much stronger variation of [Dseg] can be seen in Fig. 7.9, though, both
with nominal Mo concentration as well as with carrier concentration. As it is discussed
in Sec. 5.4.2, temperatures above 200 ◦C are required for Mo to become mobile and high-
est carrier concentrations are measured around 400 ◦C in 5mol% doped films. Enhanced
dopant segregation as found for high carrier concentrations is therefore plausible. The
addition of oxygen, however, further increases the Mo surface concentration, while de-
creasing the carrier concentration. Mo segregation is therefore promoted by oxidizing
conditions and not dependent on the carrier concentration.

A correlation between dopant segregation and Hall carrier concentration is not given
for all materials. Dopant surface concentration in Ge:In2O3 and Mo:In2O3 thin films is
highest when oxygen is added during the deposition, therefore at intermediate carrier
concentrations. In the case of Sn:In2O3 and Ti:In2O3, the highest carrier concentrations
are measured for highest dopant surface concentrations. Only here dopant segregation
could therefore be a limiting factor.

7.3.4 Summary

Mechanisms possibly limiting the carrier concentration in doped In2O3 were discussed in
this section. Self compensation, charge transfer, valence change and dopant segregation
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were considered. Comparing the experimentally accessible range in Fermi energy to the
limit defined by the formation of intrinsic acceptor defects, self compensation can likely
be excluded. Based on the estimation of the valence change point of Inx

In and the charge
transfer points of the dopant elements a rather good agreement to the experimentally
determined limits in Fermi energy is found. The only exception is given by Zr:In2O3. For
Sn:In2O3 and Ti:In2O3 an increasing dopant surface concentration goes with increasing
carrier concentration. No definite conclusion on the limiting mechanism can be drawn
here. It may as well be defined by the dopant element itself.

7.4 Carrier Mobility

The influence of the deposition conditions on the carrier mobility in Mo:In2O3 and Ti:In2O3
was illustrated in Sec. 5.2 and Sec. 6.2. Both dopants were expected to yield mobilities ex-
ceeding values calculated for undoped In2O3 and Sn:In2O3 single crystals [26, 65]. While
this holds true for Ti:In2O3, mobilities measured on Mo:In2O3 in this work stay in the
boundaries of the calculated limits [17]. For both dopants, a strong decline in mobility
was found when deposited at 600 ◦C. Results of this work will be compared to previous
research carried out in this group and literature. Mobilities for In2O3 thin films doped
with a variety of elements and concentrations are plotted over the carrier concentration in
Fig. 7.10. The modeled limit in mobility and values measured for single crystals are shown
as well [17].

A brief account about the theoretical mobility limits in Sn:In2O3 will be given at first
[17]. Since this model is made for single crystalline samples, grain boundaries are not
considered as scattering centers, but polar optical phonons, acoustic deformation poten-
tials and fully ionized impurities are. Sn•In is assumed as ionized impurity. All dopants are
expected to be ionized. Taking oxygen vacancies or interstitials into account would result
in a lower mobility due to a higher charge [17, 207]. Scattering at polar optical phonons
limits the mobility at low carrier concentrations while it is ionized impurity scattering at
high concentrations. The model shows a reasonable agreement with experimental data
for epitaxial and single crystalline In2O3 and Sn:In2O3 except for carrier concentrations
around 1020 cm−3. In this region, the measured mobilities are significantly underesti-
mated by the model. Preissler et al. [17] assume that the screening of optical phonons
by free charge carriers is underestimated in their model. The reason for this discrepancy
nevertheless is not fully understood yet [15].

In Fig. 7.10 it can be seen that all polycrystalline films show a large decrease of mobility
for decreasing carrier concentrations, which can be explained by grain boundary scatter-
ing [13, 15, 29]. Depending on dopant element and concentration, maximum mobilities
match quite well to the single crystal model when high carrier concentrations are consid-
ered. This can not be confirmed for hydrogen, zirconium or titanium doped films. One of
the unintentionally doped samples even shows exceeding mobilities.

Coinciding mobilities at high carrier concentration of the measured polycrystalline films
and the single crystal model imply vanishing influence of grain boundaries [15]. Decreas-
ing barrier heights with increasing EF − EVBM, i.e. higher carrier concentrations and better
screening of trapped charges at the grain boundaries explain latter observation.
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Figure 7.10: Hall carrier mobility plotted over the logarithm of the Hall carrier concentration
of doped In2O3 thin films. Colored markers represent samples prepared and measured by
members of the research group, open circles data for In2O3 and Sn:In2O3 single crystals or
epitaxial thin films [17]. Variation of the deposition conditions, i.e. deposition temperature
and oxygen content, leads to the diversity of electronic properties for a single dopant type
and concentration. The solid black line indicates the theoretical mobility limit, calculated
for Sn:In2O3 single crystals [17].

Grain boundary barrier heights, mobility limits and the influence of the dopant element
onto the latter will be discussed in the following.

7.4.1 Grain Boundary Barriers

Frischbier et al. [15] determined grain boundary potential barrier heights of differently
doped In2O3 films. For Sn:In2O3 the barrier is found to increase with Sn concentration. Zr
and unintentionally doped In2O3 show intermediate grain boundary barriers while lowest
values are obtained with hydrogen as dopant.

No determinations of the barrier heights are available for Ge:In2O3, Mo:In2O3 or
Ti:In2O3 films. A comparison to the other dopants will therefore be used for the assess-
ment. Ge:In2O3 films show slightly higher mobilities as compared to 10 wt% Sn:In2O3 at
high carrier concentrations [35]. Slightly lower grain boundary barriers are therefore ex-
pected. It has to be noted, that the Ge concentration investigated in latter work does not
significantly affect the mobility. Measurements of 2 mol% and 5mol% Mo:In2O3 thin films
match rather well to 0.5wt% and 2wt% Sn:In2O3 thin films respectively. Mobilities mea-
sured for 5 mol% Ti:In2O3 films agree with 5mol% Mo:In2O3 thin films while a lower Ti
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concentration yields very high values, matching Zr as dopant. Comparable barrier heights
to the already calculated ones are therefore expected.

Increasing doping concentration evidently leads to higher grain boundary barriers in the
case of Sn:In2O3, Mo:In2O3 and Ti:In2O3. Furthermore, the mobility in all three materials
is found to decrease to almost zero when deposited at 600 ◦C. Ge:In2O3 thin films on
the opposite site neither show a concentration dependent mobility nor very low mobilities
when deposited at high temperatures.

Dopant segregation at the grain boundaries was reported to be a likely reason for the
behavior observed in Sn:In2O3 [15]. As discussed, enhanced Sn segregation is found under
reducing conditions. Reduced SnO2 surfaces in turn are known to exhibit Sn2+ [32].
Latter may therefore also be present at Sn:In2O3 grain boundaries forming acceptor states.
Those electron traps at the grain boundaries would lead to particularly high barriers [15].
Since Mössbauer spectroscopy only gives evidence for Sn4+ in Sn:In2O3, other oxidation
states are therefore questionable [48, 61, 70, 71]. Minor amounts at the surfaces or grain
boundaries may, however, not be detected.

Since increasing segregation of Ti is as well observed under reducing conditions for
Ti:In2O3 thin films, the theory of trap states at the grain boundaries could be applied
as well. In contrast to the findings on SnO2, no Ti2+ could be found under reducing
conditions even for TiO2 [184]. Therefore it is questionable as well whether Ti trap states
are suitable to explain high grain boundary barriers.

Germanium segregation does not seem to negatively affect the mobility, which is proba-
bly related to segregation of Ge4+ occurring under oxidizing conditions [35]. In contrast to
Sn2+, no trap states are expected to be formed. Based on the discussion for Sn:In2O3 and
Ti:In2O3 the question about the importance of trap states at the grain boundaries remains.
Segregation of molybdenum tends to increase for similar conditions as for Ge:In2O3. A
correlation between dopant concentration and mobility is nevertheless found. The very
low mobility of samples deposited at 600 ◦C may be related to the formation of MoO3 as
reported in Sec. 5.1.

All of those four dopant elements show significant segregation, even though promoted
under different conditions. For both Sn:In2O3 and Ti:In2O3 reducing conditions could the-
oretically lead to the formation of dopant acceptor states at the grain boundaries. The
existence of the 2+ oxidation state in latter materials is questionable though. No signif-
icant influence of the dopant concentration as well as the otherwise observed vanishing
mobility in films deposited at 600 ◦C can be observed for Ge:In2O3. Both effects are found
for Mo:In2O3 thin films, showing similar segregation behavior as Ge:In2O3. The reason for
the difference in grain boundary barriers is thus not clear.

7.4.2 Mobility Limit

Maximum mobilities measured for Mo:In2O3 thin films prepared in this work are much
lower as compared to values found in literature [16, 26, 142]. Depending on the depo-
sition method, mobilities of up to 149 cm2V−1s−1 are reported. While the highest mo-
bilities were obtained by spray pyrolysis, 99 cm2V−1s−1 have also been reached by RF
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co-sputtering [143]. The improvement of the mobility with lower dopant concentration
observed here and regarding that higher mobility values are obtained for even lower con-
centrations indicate that 2 mol% Mo:In2O3 targets still lead to over-doped films. Similar
to H, Ti and Zr doped In2O3, those high mobilities are found for carrier concentrations
around approximately 2× 1020 cm−3. So far there is no definite explanation for mobilities
exceeding expectations for single crystalline material.

For Zr:In2O3 a correlation to the high permittivity of ZrO2 was mentioned to increase
the mobility due to its impact on ionized impurity scattering [15, 17, 208]. Looking at
titanium and molybdenum oxide, both showing a high permittivity, latter explanation may
still hold true [192]. High mobilities in H:In2O3 thin films must have another reason.

Bhachu et al. [16] investigate high mobilities in Mo:In2O3 and suggest the energetic
position and hybridization of the Mo donor states as explanation. The Mo4d donor states
are found to be localized and positioned above the conduction band minimum [26]. Since
they hardly show any hybridization with the states forming the conduction band minimum,
latter do not represent electronic defects or scattering centers. For Sn:In2O3, in contrast,
Sn5s states are reported to be positioned between O2p and In5s states and to show a strong
hybridization with the conduction band minimum [26, 99]. This results in a perturbation
of the dispersion and an increased effective mass.

Band structures calculated for Ti:In2O3 and Zr:In2O3 can as well be found in literature
[99, 209]. Similar to Mo:In2O3, donor states are found to be strongly localized and po-
sitioned well above the conduction band minimum in both cases. Since no hybridization
between donor and valence band forming states occurs, high mobilities in latter materials
can be explained.

Even though a high permittivity of the dopant oxide or absence of hybridization of the
dopant states and the states forming the conduction band minimum are able to explain a
high mobility in comparison to Sn:In2O3, both fail to explain the discrepancy between the
single crystal model and measurements on polycrystalline thin films exceeding the latter
limits. The fact that mobilities beyond the theoretical limit are measured for hydrogen
and a few of the unintentionally doped In2O3 films points to another explanation. The
question is raised if the latter observations are indeed dopant specific or whether mobilities
in In2O3 exceeding the single crystal model can be achieved independent on the dopant.
The measurements for Ge:In2O3, Mo:In2O3 and Sn:In2O3 thin films presented here do not
show this behavior. Since for Mo:In2O3 very high mobilities were reported [16, 26] it is
suggested that the ideal deposition conditions or methods were not applied in this work.

The previous discussion finally implies short comings considering the model proposed
by Preissler et al. [17]. The authors fit their theoretical model to Hall-effect and Seebeck
measurements of epitaxial In2O3 and Sn:In2O3 thin films. Since only Sn•In is assumed as
ionized impurity, it is based on a strictly linear dependence of the carrier concentration
on the Sn•In concentration. A more realistic correlation between electron concentration,
defect concentration or Fermi energy in dependence of [SnIn] is shown in Fig. 7.11 [33].
As discussed in Sec. 2.4.2 the concentration of compensating Oi

′′ can be neglected up to a
certain Sn content. Beyond this doping level nevertheless, the carrier concentration starts
to deviate from the [SnIn]. It is questionable whether the assumptions made so far are an
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adequate representation of the electronic properties in doped In2O3 thin films. Revisiting
the calculations would be advisable.

log [...], EF

log [SnIn]

SnIn Oi

nn
EFEF,max

Figure 7.11: Course of the defect concentration, charge carrier concentration or Fermi en-
ergy plotted over the Sn•In concentration in Sn:In2O3, based on [33].

As extensively discussed, the mobility depends on the carrier concentration, which in
turn can be tuned by adjusting the deposition conditions. It turns out, however, that this
method, may not be the best choice when it comes to tracking µ (n). Besides a variation
in carrier concentration the microstructure and dopant segregation are affected, which
influence µ as well [15].

Hunka [210] followed a different approach with the goal of electrically tuning the car-
rier concentration. A sample structure, in imitation of Brichzin et al. [211], consisting of a
10×10×0.5mm3 yttria stabilized zirconia (YSZ) single crystal and both faces coated with
Sn:In2O3 thin films was chosen. Since YSZ is an oxygen ion conductor, the oxygen concen-
tration in both Sn:In2O3 electrodes is controllable by a voltage bias. The homemade, high
temperature conductivity and Hall-effect setup [38, 39] was modified to accommodate
measurements with the described sample structure. The carrier concentration in Sn:In2O3
could be changed by more than three orders of magnitude and carrier mobility followed
the expected behavior by showing a maximum close to 2 × 1020cm−3. On the cathodic
side the film could even be reduced until metallic In was formed. Challenges considering
the measurement setup and oxygen exchange with the environment nevertheless did not
allow for a final conclusion. Still, latter experiments were successful in terms of giving a
proof of concept.

Mobilities measured for H, Ti or Zr doped In2O3 thin films significantly exceed the calcu-
lations for single crystals. Even though there are explanations suitable for some dopants,
it is questionable whether the reason is not simply due to short comings in the theoret-
ical model. Calculations based on more complex assumptions considering the dominant
defects and scattering centers are necessary to make final remarks. Different methods to
control the carrier concentration should be considered as well.
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8 Conclusion And Future Outlook

The goal of this work was to extend the knowledge concerning the optical, electronic and
surface properties of doped In2O3 thin films and get new insight into fundamental fea-
tures of this material class. The characteristics were intensively studied for rf magnetron
sputtered Mo:In2O3 and Ti:In2O3 thin films by means of transmission and reflection spec-
troscopy, spectroscopic ellipsometry, conductivity and Hall-effect as well as photoelectron
spectroscopy measurements. By setting these new results into perspective with previously
obtained ones [35, 37–39] existing and new models considering defect chemistry and the
effect of different dopants on the physical properties of In2O3 were discussed.

Mo:In2O3 and Ti:In2O3

The 2 mol% and 5 mol% Mo and Ti doped In2O3 thin films studied in this work show a
bixbyite structure with a lattice parameter close to undoped In2O3. A variation of the
lattice parameter with deposition conditions could be seen but cannot be assigned to a
dopant effect or as a result of extrinsic strain induced during sample preparation. The
substrate temperature and the oxygen content in the process atmosphere have a similar
influence on the physical properties as observed for other dopants. Reducing conditions,
i.e. high temperature and pure Ar, lead to a high carrier concentration while increasing
oxygen chemical potential leads to a reduction. This fact emphasizes the importance of
oxygen related defects in In2O3. A compensation of free charge carriers by interstitial
oxygen ions or oxygen defect clusters is expected. The carrier concentration determined
by conductivity and Hall-effect measurements scale reasonably well with the ones obtained
via simulation of the optical spectra. A good agreement between nHall and nOpt and poor
agreement between µHall and µOpt was found though, which probably is correlated to the
optical measurement not extending far enough in the IR. Expectations for Hall mobilities
exceeding the single crystal model [17] were fulfilled for Ti:In2O3 with a maximum value
of 105cm2 (Vs)−1. For Mo:In2O3 in contrast, the values measured here remain well in the
boundaries of the model and stay behind the mobilities reported in literature [16]. It is
suggested that the doping concentration investigated in this work was too high for the
ideal performance. Samples of both materials deposited at 600 ◦C showed a very strong
reduction of the mobility < 1cm2 (Vs)−1.

Photoelectron spectroscopy revealed Ti to be in a +4 oxidation state in most of the
samples. States close to EF − EVBM and broadening of the Ti2p emission, attributed to
the presence of Ti3+, were observed for films with a high Fermi level. The Ti4+/Ti3+

charge transfer point may therefore limit the Fermi energy in Ti:In2O3. For the Mo:In2O3
samples up to three Mo core level emissions can be distinguished, the intensity changing
with deposition conditions. The high binding energy component is doubtlessly attributed
to Mo6+, while it is not certain whether the other two are correlated to Mo5+ and Mo4+

or to Mo4+ and a screened component. An emission close to EF − EVBM was observed as
well, scaling with the intensity of the two components of lower binding energy. It can
be explained by occupied Mo4d states which means a lower oxidation state than 6+. A
variation in dopant concentration at the surface with deposition conditions was observed
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for both elements. Enhanced dopant surface segregation is found for Ti:In2O3 as well as
for Sn:In2O3 when deposited in reducing conditions while oxidizing conditions lead to a
similar effect in the case of Mo:In2O3 and Ge:In2O3. For the first two materials, a higher
Fermi energy results in stronger dopant segregation while this is not the case for Ge and
Mo. The surface potentials measured for Ti:In2O3 fit well in the range as reported for
Sn:In2O3. Exceptionally high ionization potentials were found for some of the Mo:In2O3
films with up to 9.1eV. Those high values are correlated with strong surface segregation
and therefore very likely to the formation of a MoO3 oxide layer.

Simulation of Optical Spectra

In an attempt to go beyond a qualitative analysis of optical measurements, simulations of
the spectra based on a model for the dielectric susceptibility were carried out. Transmis-
sion, reflection and spectroscopic ellipsometry spectra were measured and simultaneously
fitted. P and s polarized light and incident angles of 60 ◦ were employed for best sensitiv-
ity. Independent on the dopant element, measurements and simulations agree reasonably
well. Amongst others, the applied model allows to extract the film thickness, optical band
gap, carrier concentration and carrier mobility. The optically determined film thickness
was close to the one obtained by profilometry and even showed a better consistency with
the deposition parameters. The initial assumptions to model the optical band gap of In2O3
are known to be physically not accurate for doped In2O3. The extracted values are con-
siderably underestimated. It nevertheless leads to a good fit and reproduces the variation
in the optical band gap with the carrier concentration very well. The optical carrier con-
centration and mobility are either connected to the plasma frequency or the damping
term when the extended Drude model is applied. In an attempt to assure the extrac-
tion of meaningful Drude parameters, samples were preselected to show the free carrier
absorption well below 2500 nm, i.e. in the accessible measurement range. A non-linear
correlation between nHall and nopt can be removed by assuming the electron effective mass
to be a function of the Hall carrier concentration [148]. Hall mobilities poorly agree with
the ones from the extended Drude model. Independent on the dopant element µOpt was
found to be rather constant over a wide range of µHall . This may be reasonable for the
region of µOpt > µHall but not over the whole range as seen here. One possible explana-
tion is that, based on the accessible measurement range in combination with the sample
properties, the damping coefficient required for µOpt cannot be reliably determined. Nev-
ertheless wrong starting conditions or physically unreasonable parameter ranges cannot
be excluded.

The simulation of optical spectra is a tool offering a high potential to access a variety of
parameters based on uncomplicated measurements. It still proved to be rather challenging
and the question whether the optical model or measurement range are appropriate to
analyze the thin films prepared here remains open. It would be advisable to include optical
measurements extending further into the IR. Spectroscopic ellipsometry over a wavelength
range from 1.7µm to 30µm resulted in an improved agreement at least for H:In2O3 which
are not included in this study [14, 149].
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Dopant Segregation

By setting the results for Mo:In2O3 and Ti:In2O3 thin films in relation with other dopant
elements, segregation once more turns out to be decisive for several physical properties
of doped In2O3. Surface dipole, carrier concentration and mobility seem to be strongly
affected. For almost all of the dopant elements, an increasing surface concentration un-
der certain conditions is observed. Only exception is Zr:In2O3 which, however, can be
explained by a combination of low concentration and low ASF making segregation hard to
observe. It is plausible that dopant segregation at the surface eventually leads to the forma-
tion of a dopant oxide layer, which will strongly affect the surface dipole. Regarding grain
boundaries as surfaces illustrates the effect on the carrier mobility by altering the grain
boundary barrier height. Since segregation reduces the effective dopant concentration in
the material a correlation to the carrier concentration is evident, too.

The connection between Fermi energy and segregation, which has been reported for
Sn:In2O3, was explained by defect chemistry, i.e. the Fermi level dependence of defect
formation energies. A similar argumentation can be applied to Ti:In2O3 since segregation
occurs under reducing conditions as well. Such considerations are, however, not appli-
cable to Ge:In2O3 and Mo:In2O3 thin films. Increasing dopant surface concentration was
found for oxidizing conditions in those cases. The formation energy of the dopant oxide
and the defect formation volume were discussed as driving force for segregation. It was
suspected that the exclusion of the dopant from the In2O3 lattice is energetically favorable
when either the dopant oxide has a high absolute free energy or the dopant defects a high
defect formation volume. By comparing these parameters to the segregation behavior of
all dopant elements, the hypothesis could not be confirmed though. Another model is
based on whether the thin films reach an equilibrium in concentration of the dopant after
deposition. In Sn:In2O3 thin films, segregation can be reversibly altered by changing from
oxidizing to reducing annealing conditions [39]. Therefore they seem to be in thermo-
dynamic equilibrium and the dopant concentration follows the Fermi energy as predicted
based on defect chemistry. This in turn suggests that as deposited Ge:In2O3 and Mo:In2O3
films do not reach the dopant concentration, which is thermodynamically stable. The de-
fect formation volume is suspected to influence this behavior by retarding dopant diffusion
due to the accompanying lattice distortion. The ionic radius of both Ge and Mo are smaller
compared to that of In, the incorporation of oxygen into the lattice may therefore counter-
act this effect and thereby enable segregation. Since the ionic radius of Ti is in between
the one of Mo and Ge but nevertheless shows a behavior similar to Sn latter theory cannot
be confirmed however.

The question why enhanced dopant segregation may be observed for either oxidizing
or reducing conditions still can not be answered. Thermodynamic and defect equilibrium
concentration nevertheless seem to remain a key. Extensive relaxation measurements, as
carried out for In2O3 and Sn:In2O3 [39], are advisable to further investigate this behavior.
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Limits in Carrier Concentration and Mobility

As previously reported, similar dopant concentrations of different elements do result in
varying charge carrier concentrations and mobilities. The question of a dopant specific
limit and possible reasons are still not answered. One objective therefore was to gain
more insight into the basic causes.

In an attempt to explain the deviation between the nominal dopant concentration and
resulting charge carrier concentration, following effects were discussed as carrier reducing
mechanisms: self compensation, charge transfer of the dopant element, valence transfer
of In and dopant segregation. Based on calculations for the formation energy of intrin-
sic acceptor defects such as oxygen interstitials and indium vacancies, self compensation
is not expected to be limiting. To estimate valence change and charge transfer points,
standard reduction potentials or DFT calculations were considered. Except for Zr:In2O3,
valence change and charge transfer points match rather well with the highest experimen-
tally determined Fermi energies in each material. A limitation due to this mechanisms is
therefore likely. A correlation between the charge carrier concentration and dopant segre-
gation evident in the case of Sn:In2O3 and Ti:In2O3 indicates that dopant segregation also
contributes to the limit of n in this material, indicating that dopant segregation must be
better understood.

Possible reasons for dopant element specific mobilities were discussed. The role of the
dopant oxide having a high permittivity in improving the mobility is not certain but seems
to be of minor importance considering that hydrogen doping similarly yield very high mo-
bilities. Hybridization between dopant and conduction band minimum forming states was
suggested to be important by affecting the mobility due to perturbation of the electronic
states. Based on this, high mobilities are expected for Mo, Ti and Zr and exclude Sn
as high mobility dopant. Experiments carried out here nevertheless show a strong influ-
ence on nominal dopant concentration and segregation promoting deposition conditions.
Dopant element and concentration dependent grain boundary barriers could be shown to
significantly affect the carrier mobilities [15]. It is plausible to explain increased grain
boundary barrier heights under reducing conditions due to segregated acceptor species
such as Sn2+, Oi

′′, VIn
′′′ or Sn•In. Oxidizing conditions may lead to a dopant oxide layer

enhancing grain boundary barrier heights. Neither of the latter theories, however, can
doubtlessly be confirmed.

Carrier mobilities of doped In2O3 predicted by a model for single crystals being exceeded
by Hall effect measurement is still under discussion. A deviation due to screening of op-
tical phonons being underestimated was suggested by Preissler et al. [17]. In this work,
it was proposed that the inclusion of Oi

′′ as additional scattering center may lead to a
different understanding. Consequently high mobility should be possible with all dopants,
if segregation can be suppressed.

A prove could be given by showing that Sn:In2O3 thin films can exceed the modeled
mobilities as well. Deposition conditions for Sn:In2O3 thin films, yielding carrier concen-
tration in the range of interest, already allow for evident dopant segregation. One ap-
proach might be co-sputtering with a metallic Sn target. Motivation for latter is to achieve
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sufficiently reducing deposition conditions without going to substrate temperatures, which
allow for significant Sn diffusion and therefore segregation at grain boundaries.
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Figure 9.1: XPS O1s, In3d5/2, Mo3d core level spectra and valence band region of 5 mol%
Mo:In2O3 thin films on glass. Films were deposited at various temperatures in a process
atmosphere containing 10 % O2. All spectra are normalized to the overall weighted area.
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Figure 9.2: XPS O1s, In3d5/2, Mo3d core level spectra and valence band region of 5 mol%
Mo:In2O3 thin films on glass. Films were deposited at 600 ◦C in process atmospheres con-
taining different oxygen contents. All spectra are normalized to the overall weighted area.
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Figure 9.3: Intensity of components forming Mo3d peak as obtained from fit on left and
integrated peak area of Mo3d emission on right plotted over XPS valence band maximum.
Intensities were normalized to overall peak area. The substrate temperature in the right
graph according to color scale and marker size determines oxygen content.

156



In
te

ns
ity

 in
 a

rb
. u

ni
ts

532 530 528 448 446 444 238 236 234 232 230 10 8 6 4 2 0

0 s

5 s

10 s

20 s

40 s

80 s

120 s

300 s

0 s

300 s

Binding energy in eV

In
te

ns
ity

 in
 a

rb
. u

ni
ts

15 10 5 0
Binding energy in eV

0 s

300 s

Figure 9.4: XP and UP spectra obtained during an interface experiment of MoO3 on ITO.
10wt% Sn:In2O3 was deposited on glass using standard conditions. MoO3 powder was
thermally evaporated from a homemade effusion cell at a crucible temperature of 600 ◦C.
Deposition time is given in the graphs. Deposition rate of MoO3 is 0.1nm/s.

Table 9.1: Surface potentials of thick ITO and thick MoO3 from interface experiment shown
in Fig. 9.4. Values are given in eV. φ and IP were calculated using Eq. 4.2-Eq. 4.3

EVBM-EF(XPS) EVBM-EF(UPS) φ(XPS) φ(UPS) I P
Sn:In2O3 3.3 3.2 4.3 4.4 7.6
MoO3 2.6 2.7 7.0 7.0 9.6
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Figure 9.5: Spectrometric ellipsometry measurements of samples deposited at varying tem-
perature in pure argon atmosphere (top) or at different oxygen content at a substrate
temperatrue of 400 ◦C (bottom). The Fourier coefficients are plotted versus the wave-
length.
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trum is shown as a black solid line. Gray dashed line indicates the spline used as back-
ground. Corrected spectrum is shown at the bottom, used area for the quantification of
the titanium content is displayed gray.
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Figure 9.7: Ti:In2O3 2 mol% and 5 mol%, deposited in pure Argon at 400 ◦C .
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Figure 9.8: Ti:In2O3 2 mol% and 5 mol%, deposited in pure Argon at 600 ◦C .
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Figure 9.9: Ti:In2O3 2 mol, deposited under various oxygen partial pressures at substrate
temperature of 400 ◦C .
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Figure 9.10: Ti:In2O3 2 mol, deposited under various oxygen partial pressures at substrate
temperature of 600 ◦C .
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Figure 9.11: Ti:In2O3 5 mol, deposited under various oxygen partial pressures at substrate
temperature of 600 ◦C .
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Figure 9.12: θ/2θ X-Ray diffraction patterns of In2O3 deposited on glass at different sub-
strate temperatures. The region around the (222) reflection is shown magnified on the
right. Pure Ar atmosphere, pressure of 0.5Pa, substrate-to-target distance of 10 cm. Refer-
ence spectrum for In2O3 powder ICDD 00-006-0416.
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Table 9.2: Target composition according to manufacturer specifications. A mixture of In2O3
and either SnO2, ZrO2, GeO2, MoO3 or TiO2 powder was used. mol% and wt% consider
either molar or weight fraction of the powders used for sintering. cat% specifies the frac-
tion of dopant and In, at% the fraction of dopant, In and O. cat% is calculated based on
the wt% and used for the determination of at%. The carrier concentration n is calculated
based on the assumption of a doping efficiency of 100 %.

Dopant wt% mol% at% cat% n in 1020cm−1

Sn 0.5 0.92 0.18 0.46 1.44
2 3.62 0.75 1.85 5.81

10 17.0 3.93 9.28 30.6
Zr 1 2.23 0.45 1.13 3.53

2 4.44 0.91 2.25 7.10
Ge 2 5.14 1.07 2.64 8.34

4 9.95 2.16 5.24 16.8
6 14.5 3.28 7.81 25.5

Mo 1.05 2 0.40 1.01 3.17
2.66 5 1.04 2.56 8.12

Ti 0.58 2 0.40 1.01 3.17
1.49 5 1.04 2.56 8.12
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