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Chapter 1

Introduction and motivation

This thesis is based on investigations performed in different research projects that have
been carried out in an interdisciplinary atmosphere comprising of physicists, electrical en-
gineers and material scientists in the Center for Micro- and Nanotechnologies at Technical
University Ilmenau during the last three and a half years. The aim and goal of these stud-
ies is linked on the one hand to improve material and device properties based on indium
compounds for sensoric and (opto)electronic applications and on the other hand to acquire
a fundamental knowledge concerning the underlying processes of device operation. Within
this context, this dissertation is devoted to the investigation of fundamental surface prop-
erties of different indium containing materials as a function of film growth parameters and
post-deposition treatments as well as to the study of adsorption and desorption processes
of oxidizing gases at these surfaces.
Among the variety of different indium compounds, tin-doped indium oxide, also called in-
dium tin oxide (ITO), is well established in applications where transparent and conductive
films are required, e.g. in display devices, solar cells, organic light emitting diodes and touch
screens. Nevertheless, the improvement of any type of device property in order to increase
the efficiency is an ongoing process. This is also true for ITO thin films. One approach is
to incorporate nitrogen into the material (ITON) in order to increase the window of optical
transmission as well as to improve the electron transport properties. Other indium con-
taining materials, such as indium nitride (InN) and polycrystalline indium oxide (In2O3)
films have attracted increased attention in the last years due to their specific material prop-
erties that have a promising potential in specific applications enabling better performance
of semiconductor devices or even new products. Due to the high electron mobility in InN,
ultrafast field effect transistors are proposed to be realized as well as emitters of high in-
tensity terahertz radiation. Since the band gaps of group-III nitrides bridge the optical
spectrum from the infrared to the near UV region, many applications in light generating,
absorbing or detecting devices are possible or already existing. In this context, InN covers
the low energy region, since it has a band gap in the IR region below 0.7 eV. On the other
hand, polycrystalline indium oxide films were found to be specifically sensitive to ozone at
room temperature. This gives hope to realize cheap and integrated gas sensors that can be
used in a wide range of possible applications, even in portable devices.
However, many of the basic properties of InN and In2O3 are still being debated, e.g. even
the value and the type of the band gap of In2O3 is not clarified yet. As a second example,
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Introduction and motivation

the origin of the high electron concentration at InN surfaces is a matter of ongoing discus-
sion. Many open questions are in parts related to the surface properties of the materials
and their interaction with adsorbates. Therefore, this work focuses on the investigation
of the chemical composition as well as the structural and electronic properties of indium
compound surfaces and interfaces, their interaction with oxygen containing molecules (O2,
O3 and H2O) and, in the case of ITON, on the material changes upon thermal treatment
using surface sensitive techniques.
Since for a comprehensive knowledge, the extent of the different material aspects that
have to be considered is very large and structural, chemical, electrical, optical and surface
properties are strongly linked to each other, it is indispensable to compare the results of
surface analysis to the information gained by other characterization methods that have
been performed by colleagues working in these joint projects. As a result, a close coop-
eration and exchange was developed and maintained with Dr. Vadim Lebedev, Chunyu
Wang and Dr. Volker Cimalla, all former members of the Nanotechnology group at TU
Ilmenau who are now working at the Fraunhofer Institute for Applied Solid-State Physics
(IAF) in Freiburg. In particular the supply with InN films grown by molecular beam epi-
taxy (MBE) and indium oxide films prepared by metalorganic chemical vapor deposition
(MOCVD), constitutes a fundamental basis of the performed experiments. The same is
valid for the cooperation with Dr. Elias Aperathitis and Maria Koufaki from the Micro-
electronics Research Group at the Foundation for Research and Technology-HELLAS in
Heraklion (Crete), concerning the supply with ITO and ITON thin films produced by mag-
netron sputtering.
The scientific and technological aspects as well as open questions of the examined indium
based materials that have been produced by different deposition techniques are discussed in
the following chapters. First, the experimental methods and the used setup are described.
This forms the basics for understanding of the subsequently presented results. The investi-
gation of the properties of clean InN(0001) surfaces that have been analyzed in ultra-high
vacuum directly after MBE growth for the first time, the properties of nanocrystalline in-
dium oxide layers and their variation under UV irradiation and ozone exposure as well
as the surface chemical and electronic properties of ITO(N) thin films are presented and
discussed in separate chapters with regard to the different open scientific and technological
questions.





Chapter 2

Experimental: setup, methods and

physical principles

This chapter describes the details of the used experimental setup and introduces the physical
principles of the main experimental methods applied for the studies of the surface properties
of the indium nitride, indium oxide and indium-tin-oxide thin films. The physical principles
and important experimental aspects of the used methods are described in Sects. 2.1 - 2.6,
followed by details about the equipment, important parameters and resolution aspects of
the experimental setup in Sect. 2.7.

2.1 Thin film growth

Out of many available techniques for heteroepitaxial growth, molecular beam epitaxy
(MBE) and metalorganic vapor phase epitaxy (MOVPE) have emerged as important tools
for research and industrial production of epitaxial films. Both techniques allow excellent
control over the growth of thin films and multilayered structures resulting in well defined
properties of the films and interfaces. For MOVPE growth, typically metalorganic precur-
sors in combination with hydrides are used that react at the surface to form the desired
compound material. This is relevant for the indium oxide samples that have been studied in
this work (see chapter 4), where trimethylindium (In(CH3)3) and water were used as reac-
tants in a N2 atmosphere. Since MOVPE is carried out at atmospheric or reduced pressure,
it restricts in-situ analysis of growth processes to optical characterization methods, e.g. el-
lipsometry [1]. Due to the complexity of MOVPE growth, time consuming efforts for the
optimization of growth parameters are necessary in order to tailor the properties of In2O3.
This has been carried out by Chunyu Wang in the joint project ”Kostengünstige Indium-
und Zinkoxid basierende, integrierbare Detektoren zum Nachweis von Ozon (INOZON)” at
TU Ilmenau which aimed the investigation of low-cost, oxide based ozone detectors. After
growth, these samples were taken out of the reactor and analyzed by surface sensitive tech-
niques in UHV.
In molecular beam epitaxy the reactants are delivered by beams of atoms or molecules.
Hence, ultra high vacuum (UHV) conditions are required to ensure sufficient mean free
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paths of the reactants. In group III-nitride growth the metallic component is evaporated
from Knudsen-type crucibles. Commonly nitrogen atoms as well as metastable activated
molecules are generated with the use of a nitrogen plasma. This type of growth method
is named plasma-assisted molecular beam epitaxy (PAMBE) or sometimes plasma-induced
molecular beam epitaxy (PIMBE). Due to the lower growth rates and the necessity of UHV,
molecular beam epitaxy is not commonly used in industrial production. Nevertheless, the
UHV conditions lead to several advantages that make MBE the method of choice for many
research studies. In contrast to MOVPE, MBE thin film growth enables the in-situ char-
acterization of thin film growth by methods based on electron or ion beams. This provides
immediate feedback and improved control of the growth process. Additionally, the applica-
tion of MBE in UHV allows the implementation of surface sensitive experimental methods
to study the properties of thin films without any exposure of the materials to undesired
adsorbates.

UHVrotatable
sample
stage

heater

electron 
source

main 
shutter

fluorescent
screen

In cell Ga cellplasma
source

QMS

Fig. 2.1: Principle setup of the used MBE chamber.

Consequently, in-situ studies of MBE grown nitride surfaces can be employed in the growth
and surface analytic system in Ilmenau which consists of two interconnected UHV chambers,
one for sample preparation and the other one for surface characterization (see Sect. 2.7 for
details). A schematic of the MBE growth and surface preparation chamber is presented in
Fig. 2.1. The MBE setup consists of thermal evaporators for the supply of In and Ga and
a N2 plasma source for the supply of activated nitrogen. Additionally, e-beam evaporators
for the deposition of thin metal films are also mounted on the system. In-situ growth
monitoring is performed using surface characterization by reflection high-energy electron
diffraction (RHEED). Specifications of the devices are summarized in Sect. 2.7.1.
For investigating the influence of the growth parameters on the chemical composition and
the surface electronic structure, InN thin films were grown on Si-doped GaN templates.
Important growth parameters that had to be optimized for adequate film quality are the





2.2 Reflection high-energy electron diffraction (RHEED)

substrate temperature during growth as well as the flux of impinging indium atoms at
the surface, defined by the temperature of the Knudsen cell [1]. Since the small MBE
chamber is equipped with a turbo molecular pump that has a relatively low pumping speed
(300 l/s), the growth rate is mainly restricted by the flow of reactive nitrogen, since the
plasma discharge breaks down at too high nitrogen pressures. Therefore, the N2 partial
pressure was kept constant at high, but stable pressure conditions and was not regarded as
an adjustable parameter for MBE growth.

2.2 Reflection high-energy electron diffraction (RHEED)

Electron diffraction methods, such as low-energy electron diffraction (LEED) and reflection
high-energy electron diffraction (RHEED), are powerful techniques to study the periodic
arrangement of atoms at surfaces of crystalline materials. Diffraction patterns are formed by
constructive interference of single electron scattering effects at periodic surface structures.
The principle is based on the scattering of an incoming electron with wavevector ~k0 at
the periodic crystal surface structure. For elastic scattering processes, which are typically
investigated to study the crystal structure, the following two conditions have to be fulfilled:∣∣∣~k0

∣∣∣ = ∣∣∣~k′∣∣∣ (2.1)

~k0 − ~k′ = ~Ghk (2.2)

Here ~k′ is the wave vector of the scattered electron and ~Ghk is a vector of the reciprocal
lattice, which can be understood as Fourier transform of the 2-dimensional surface lattice in
real space. An illustrative description of these conditions and the generation of a diffraction
pattern is given by the Ewald construction. For elastic processes, the electrons are scattered
without loss of energy. The tips of all allowed wavevectors ~k′i form a spherical surface called
the Ewald sphere. Constructive interference of all scattering effects takes place at the
intersection points between the Ewald sphere and the reciprocal lattice.
The reciprocal lattice of three-dimensional crystals is made up of single lattice points. For
a two dimensional lattice, the crystal periodicity normal to the surface is lacking. Hence,
the reciprocal lattice consists of lattice rods, perpendicular to the surface. Constructive
interference, resulting in the formation of diffraction spots, occurs where the Ewald sphere
is intersected by these lattice rods as illustrated in Fig. 2.2.
For the application of RHEED, an electron beam accelerated to an energy in the range of
5 - 30 keV is incident onto the surface under grazing angle of about 1 - 5◦. Electrons in the
applied energy range are strongly scattered in solids leading to a limited inelastic mean
free path in the range of 100 Å (see Sect. 2.3 for details). Due to the application of grazing
incidence, only the uppermost atomic layers, i.e. a few Å, contribute to the diffraction
pattern as long as scattering takes place on smooth surfaces [2]. In this geometry, the
diffraction pattern can be projected onto a fluorescent screen.
Reflection high-energy electron diffraction is a very powerful analytic tool to monitor MBE

thin film growth in-situ and in real time [3, 4]. It allows the investigation of the surface
of crystals at any stage of preparation and offers the possibility to characterize the surface
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Fig. 2.2: Schematic of the Ewald construction and generation of the RHEED pattern.

qualitatively with respect to crystallinity, morphology, surface reconstructions and lattice
parameters. On real surfaces, terraces and atomic steps occur which limit the long-range
order of the surface. This non-ideality leads to broadening of the reciprocal rods whose
width ∆S is proportional to the inverse length L of the ordered region over which there
is coherent scattering. The broadened rods form streaks in the RHEED pattern as they
intersect the Ewald sphere. To a first approximation, the width w of the streaks on the
RHEED screen is proportional to the width of the rods in reciprocal space as long as the
divergence of the incident electron beam can be neglected [3]:

w ∝ ∆S =
2π

L
(2.3)

If the domain size, i.e. the typical distance between surface steps or other imperfections, is
smaller than the natural coherence length of the electron beam (about 1000 Å), the RHEED
pattern will be significantly broadened. Therefore, analyzing the width of the streaks pro-
vides information about the surface order.
As already indicated above, RHEED is not strictly limited to the uppermost atomic layers.
Rough surfaces can exhibit islands which are small enough to be penetrated by the scattered
electrons. In this case, diffraction represents the whole three-dimensional periodicity of the
crystal, leading to the formation of transmission spots within the streaks in the diffraction
pattern [3]. This can be used as an indicator for 3-dimensional growth (island formation)
during MBE.
For the evaluation of the lattice constant, the distance d of the streaks on the RHEED
screen has to be monitored. To a first approximation, it is proportional to the spacing
of the rods in the two-dimensional reciprocal space, i.e. the length of the basic reciprocal
in-plane lattice vectors ~Ghk. As a consequence, changes in the lattice constants during film
growth can be measured and the relaxation of incorporated strain during heteroepitaxy due
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Fig. 2.3: Surface structure of the uppermost bilayer of wurtzite nitride surfaces with (0001) ori-
entation. The surface unit cell, the unit vectors and the highly symmetrical crystal directions are
indicated. Blue circles represent the metal atoms in the outermost surface plane, while the red
circles represent the nitrogen atoms 1

8 c underneath.

to different lattice constants of substrate and epilayer can be investigated. Since the recip-
rocal lattice reflects the periodicity of the lattice in real space, changes in periodicity can
easily be observed in RHEED. Periodic rearrangement of surface atoms and the formation
of ordered surface reconstructions with different unit mesh lead to the occurrence of new
streaks in the RHEED pattern.
In contrast to the geometry of LEED, where the electron diffraction pattern is measured
perpendicular to the surface and hence contains information of the whole reciprocal space,
the grazing incidence of electrons in RHEED allows only measurements along one crys-
tallographic direction. However, rotation of the samples allows the characterization of all
highly symmetrical crystal directions. For nitride surfaces with wurtzite crystal structure,
a hexagonal symmetry is found at the surface of a c-plane oriented crystal with two highly
symmetrical sixfold directions rotated by 30◦ with respect to each other. The crystal ori-
entations of hexagonal (0001) nitride surface are shown in Fig. 2.3. For the notation of the
two sixfold crystal orientations, the [1120] and [1100] directions are used within this docu-
ment, which enclose an angle of 90◦. Hence, important information about possible surface
reconstructions can be obtained by measuring the RHEED patterns along these two crystal
directions.

2.3 Photoelectron spectroscopy (PES)

The electronic structure of solids consists of strongly bound core electrons and electrons in
the valence band formed due to the periodic atomic potential in a solid crystal. The distri-
bution of the number of electrons in a certain interval of energy is the electron density of
states (DOS). A photon can excite an electron to leave a substrate surface if the transferred
energy ~ω is large enough to overcome the energetic gap between the binding energy EBin

of the electron and the vacuum energy level EV ac of the material.
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This process is visualized in Fig. 2.4. If the absorption of a photon takes place, the resulting
photoelectron leaves the surface with a kinetic energy of

EKin = ~ω − φ− EBin (2.4)

While the electron energy distribution is measured with respect to EV ac, the binding energy
scale of a solid is normally referred to the Fermi Energy (EBin = 0 at EF ). Electrons
from different electronic states are emitted in all directions when a material is illuminated
with a proper light source. The photoelectron current j depends on several experimental
parameters [5] such as

• the electron spin ~σ

• the angles between incoming photon, leaving electron, and surface normal (δ, γ, Θ,Φ)

• the photon energy and polarization (~ω,~ep)

• the binding energy of the electron (EBin)

• the probability of photon-electron interaction (described by the cross section σ)

The notation of the geometric parameters δ, γ,Θ,Φ follows the formalism of Briggs and
Seah [6] for X-ray Photoelectron Spectroscopy and is schematically shown in Fig. 2.4. The
broad spectrum of electrons that can be emitted from materials resulted in a variety of
different experimental techniques, all based on the photoelectric effect. If the energy distri-
bution of the outcoming electrons is measured, their spectrum supplies information about
the electron energy distribution in the material. For this analysis, special electron energy
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Fig. 2.4: Principle of photoelectron emission [6, 7].
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analyzers are used which are based on the deflection of electrons in an electric field. Among
the variety of different setups, the most common used are the Cylindrical Mirror Ana-
lyzer (CMA) and the Concentric Hemispherical Analyzer (CHA) or also named Spherical
Deflection Analyzer (SDA). In this work photoelectron spectra have been measured with
analyzers of the hemispherical type. The principle and parts of the electron energy analyzer
(EA 125) are described in Sect. 2.5.4.

2.3.1 Theory of photoelectron emission

From an atomic view, photoelectron spectra can be described by an isotropic three-step
model [5, 7]. The processes involved in the emission of a photoelectron are typically con-
sidered separately in the following sequence:

1. local absorption of a photon combined with excitation of an electron

2. transport of the electron to the surface with the possibility of inelastic scattering

3. escape of the electron through the surface

The measured spectrum consists of a superposition of primary electrons Ip(E, ~ω) which
have not suffered an inelastic collision and a background of secondary electrons Is(E, ~ω)
which have lost energy during one or more scattering events.

I(E, ~ω) = Ip(E, ~ω) + Is(E, ~ω) (2.5)

According to the three-step model the primary electron distribution is described by

Ip(E, ~ω) = P (E, ~ω)× T (E)×D(E) (2.6)

Proposed models for the transmission function T (E) and the escape function D(E) have
been reviewed in [5].

To derive the photoelectron generation rate, which is represented by the function P (E, ~ω),
one has to consider all possible combinations that an electron is excited by a photon from its
initial occupied state |i〉 into a final unoccupied electron state |f〉. Assuming that the crys-
tal momentum ~k is conserved, the absorption process can be described by Fermi’s Golden
Rule:

P (E, ~ω) ∝
∑
i,f

∫
|Mi,f |2 · δ

(
Ef (~k)− Ei(~k)− ~ω

)
× δ
(
Ef (~k)− E

)
d3k (2.7)

Here Mi,f = 〈f | ~A · ~p + ~p · ~A|i〉 is the dipole matrix element, ~A is the electromagnetic
vector potential and ~p is the momentum operator of the emitted electron. On the basis
of this formula a comparison of the photoelectron spectra with theoretical band structure
calculations is possible. For the practical application in an experiment the number of
emitted primary electrons can be described in approximation by [8]

Ip(~ee, Ef , ~ω) ∝
∫
|Mi,f |2 ·Di(Ei)Df (Ei + ~ω) dEi (2.8)
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The vector ~ee defines the direction of the detected electrons and Di and Df are the local
density of states (DOS) of the initial and final states. Normally PES measurements are im-
plemented using sources that emit light with a constant photon energy (UV or X-ray) and
the emitted photoelectrons are analyzed by the measurement of an “Energy Distribution
Curve” (EDC). Measured EDC’s are always a convolution of the DOS of the initial and
final states which can be described in terms of a “Joint Density of States” (JDOS).

Photoelectron spectroscopy is widely being used for investigation of the surface chemical
composition and electronic structure. The high surface sensitivity is caused by the small
escape depth of primary electrons that have not lost energy due to scattering effects. The
depth of information is dependent on scattering and absorption effects and can be derived
from the law of Lambert and Beer. When particles or photons propagate through a
material their intensity decreases exponentially

I(z) = I0 · exp

(
− z

λ

)
(2.9)

The value λ is the attenuation length and depends strongly on the material as well as on
the interaction process in the material. The average length before an electron is inelasti-
cally scattered is named Inelastic Mean Free Path (IMFP) and here denoted by λM . Most
formulas for the calculation of the energy dependence of λM (E) are based on generalized
empirical data. For elements, inorganic and organic compounds different values were found
[9]. The data and the resulting model fit for the energy dependence of λM for elements
are shown in Fig. 2.5. Nowadays, different predictive formulas are used for the calcula-
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Fig. 2.5: Energy dependence of the electron inelastic mean free path for elements [9].

tion of λM (E) for compounds [10]. One can generally say that λM is in the range of a
few nanometers and the minimum of the curve and therefore highest surface sensitivity is
achieved when EKin is in the range of 20 - 50 eV.
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2.3.2 X-ray photoelectron spectroscopy (XPS)

Two main PES methods have been developed with the aim to determine the electronic
structure of materials. This is historically related to the available laboratory excitation
sources. For X-ray photoelectron spectroscopy (XPS), MgKα or AlKα radiation is normally
used. With XPS, the chemical composition of a surface can be determined by measuring
the emission from core levels. By a careful analysis of the core level binding energy and
the emission intensity, information on the chemical environment of the atoms as well as
the stoichiometry of the material can be obtained. Therefore, it is also named Electron
Spectroscopy for Chemical Analysis (ESCA).
Quantitative analysis is normally based on the comparison of the measured peak area to
theoretical predictions of the photoelectron signal. Under the assumption that the reflection
of X-rays on the investigated surface or interface is negligible and the X-ray intensity in the
investigated material is constant (this is normally the case because the attenuation length
of X-rays in matter is much greater than the information depth of PES), the XPS core level
intensity of an element i can be described by [6]

Ii(Θ) = J0 sec(δ)σi(~ω)Li(γ, ~ω)T (Ei)D(Ei) ·
∫

Ni(z)× exp

(
− z

λm(Ei) cos(Θ)

)
dz

(2.10)
where J0 is the flux of X-rays per unit area onto the sample, σi(~ω) is the radiation de-
pendent cross-section which describes the probability for the generation of a photoelectron.
T (Ei) is the analyzer transmission function and D(Ei) the detection efficiency for electrons
of a certain kinetic energy. The last value is normally assumed to be constant for the
measured values of EKin. Furthermore Li(γ, ~ω) describes the angular dependence of the
photoemission from a single atom and relies on the angle between the incoming photons
and the emitted electrons as well as the used photon energy [11]. The density of the atom
species i is assumed to be only varying in the direction perpendicular to the surface plane
and λM (Ei) is the previously described inelastic mean free path of an electron with the
kinetic energy Ei. From this formula models can be derived, for example to determine the
stoichiometry of the material or to calculate the thickness d of a thin and uniform overlayer.
With the aid of a monochromated X-ray source or synchrotron radiation, it is furthermore
possible to analyze the valence band structure of materials.

2.3.3 Ultra-violet photoelectron spectroscopy (UPS)

Ultra-violet photoelectron spectroscopy is employed using photon energies below 100 eV
which are not suitable for probing deep core levels. However, the photoelectric cross-sections
for valence band electrons are very high in this energy range. Consequently, occupied states
of the valence band of semiconductors and insulators as well as of the conduction band of
metals can be investigated to analyze, for example, the energy of the valence band maximum
with respect to the Fermi level. Under the assumption of a known band gap, the electron
affinity χ of a material as well as the conduction band offset of thin films can also be
determined.
The interpretation of structures in UPS is far more complicated than in XPS. All elements
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exhibit various states in the valence band which are not separated from each other as it is the
case for the core states. Furthermore, these states participate strongly in chemical bonding,
building up energy bands which result in rather broad features. As a result, support by
theoretical calculations of chemical bonds and their respective density of states is in most
cases required. For UPS, the photon energy is in a range where resonant transitions into
final electron states according to the dipole matrix element Mi,f = 〈i| ~A · ~p + ~p · ~A|f〉 can
play an important role in the photoemission process and have to be considered as well.
The break of periodicity at the surfaces leads to energy states different from those in the
bulk. These surface states are localized at the surface and decay exponentially both into
the bulk and vacuum. As can be seen in Fig. 2.5, the inelastic mean free path for kinetic
energies around 50 eV is in the range of single atomic layers leading to a very high surface
sensitivity. Therefore, UPS allows the investigation of surfaces with respect to surface states
and adsorbates, such as atoms and small molecules. Surface states often reside in the bulk
band gap resulting in band bending and Fermi level pinning at the surface [12] and are very
sensitive to surface treatment which eases their identification using UPS.

2.3.4 Secondary electron emission (SEE)

For the investigation of occupied states in the valence band as well as chemical analysis
using core level photoemission, in many cases, electrons are analyzed that have not suffered
any loss of energy due to scattering during their transport to the surface. However any
generated photoelectron can be subject of manifold interactions with other electrons or
quasiparticles inside the material leading to characteristic losses of energy. An important
example is the excitation of plasmons, which results in characteristic structures in XPS
spectra at higher binding energies close to the parent line. [7, 5]
Besides these characteristic single scattering effects, many electrons are subject of multiple
interactions resulting in a broad and featureless electron background and an intense cascade
peak at the low energy end of the photoemission spectrum. Hence, the measured photoe-
mission spectrum is a superposition of the signal coming from the primary photoelectrons
and the contribution of all secondary electrons (see Eq. 2.5). The majority of these so
called secondary electrons are most commonly accepted to be produced via direct trans-
fer of energy from the primary photoelectron to electrons in bound states or filled valence
band states, thereby promoting them to empty conduction states (interband transitions).
Other important mechanisms are excitation of phonons, electron-hole pair creation as well
as decay processes of excited electrons. This also involves a cascade process in which higher
energy secondary electrons produce more secondaries thereby degrading in energy as they
migrate to the surface [13]. From the low energy cut-off of this cascade structure one can
determine the work function of the material, after having performed calibration measure-
ments on reference samples (e.g. Au or Ag). For that purpose, in some cases it is necessary
to apply a negative voltage of a few volts to the sample in order to overcome the work
function of the electron analyzer and to avoid disturbing signals from tertiary electrons
which are generated by interaction of electrons with the analyzer material.
As already mentioned, the secondary electrons roll down through the states in the con-
duction band due to inelastic scattering and pile up at the high density of conduction
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states. These electrons can also be emitted into the vacuum leading to structures inside
the otherwise featureless distribution of the cascade peak. This aspect has been used for
studies of empty states of metals as well as oxide surfaces using electron-induced angle-
resolved secondary-electron spectroscopy (ARSES) [14, 13]. For photon-induced electron
spectroscopy measurements, the processes of secondary electron generation are qualita-
tively the same, enabling the study of unoccupied states above the vacuum level EV ac

using angle-resolved ultra-violet photoemission measurements [15].

2.4 Electron energy loss spectroscopy (EELS)

The measurement of the energy distribution of electrons that have been scattered from or
through a material is named electron energy loss spectroscopy (EELS). For the study of
surface properties, an electron beam with a primary energy E0 and a narrow energetic band-
width ∆E0 is focused onto a sample and the reflected electrons are analyzed with respect to
their spectral distribution. For impinging electrons the same is valid as for photoelectrons,
they can be involved in scattering processes resulting in characteristic energy losses. For
conventional EELS experiments, electrons with E0 ranging from 100 eV to a few keV can
partly penetrate into the solid. The scattering cross section in this case is proportional to
the bulk loss function [16]

=
(

1
ε(ω)

)
(2.11)

and is therefore directly linked to the dielectric properties ε(ω) of a material. For con-
ventional EELS, the standard equipment for Auger and photoelectron spectroscopy can be
used, such as hemispherical electron analyzer and a standard electron source. With this
method, excitation of electrons from occupied states in the valence band to empty states
(interband transitions) can be investigated, which give insight into the band structure of a
material. Furthermore, the energy of collective excitations of valence electrons (bulk and
surface plasmons) can be determined.
Low energy losses of 10−3 to 1 eV correspond to the excitation of phonons and vibrational
modes of adsorbate molecules and are usually subject of high resolution electron energy loss
spectroscopy (HREELS) using slow electrons. In the case of a specular geometry, dipole
scattering at the surface has to be regarded, resulting in a cross section proportional to the
surface loss function [16]

=
(

1
ε(ω) + 1

)
(2.12)

In addition to the vibrational structure of surfaces, carrier plasmon excitations of semicon-
ductors that have an energy depending on the carrier concentration n, the effective electron
mass m∗ and the high frequency dielectric constant ε∞ of a material

ω2
p =

(
ne2

ε∞ε0m∗

)
(2.13)

can be studied. By implementation of measurements with varying primary electron energy
in combination with sophisticated modeling of the loss function, by solving the Schrödinger-
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Poission equation self-consistently, it is possible to derive the carrier density and band profile
at semiconductor surfaces and interfaces [17, 18].

2.5 Excitation sources and electron detection

2.5.1 X-ray source for XPS

All presented core level measurements have been performed using a special X-ray source
that is combined with a monochromator (XM1000). This system consists of an AlKα X-ray
tube with a small spot filament and a quartz Bragg crystal installed in a geometry of a 500
mm diameter Rowland circle. X-rays from the source are reflected by the quartz crystal
Bragg mirror and focused onto the sample in a 1:1 projection. The principle components
of the monochromator setup are shown in Fig. 2.6. The removal of the Kα2 line by the

Bragg crystal

sample

X-ray source

electron 
analyzer

Rowland 
circle

Fig. 2.6: Principle components of the monochromated X-ray source [19].

Bragg monochromator is one important advantage of this type of X-ray source, resulting
in a slightly shifted photon energy (~ω =1486.7 eV). As a consequence, the line width of
the generated photon is strongly reduced (FWHM =0.25 eV) compared to standard X-
ray sources (FWHM =0.7 eV for MgKα and 0.85 eV for AlKα). This effect results in an
improved energy resolution, which is important for the detection of small shifts in the core
level binding energy. Another benefit from the use of a monochromator is the absence of
any disturbing satellite lines (e.g. Kα3,4). Furthermore, the sample is exposed to less heat
radiation and the Bremsstrahlung background is removed, which improves the signal to
noise ratio. Additionally, due to the special geometry, fast electrons that are generated
inside the X-ray tube have no influence on the spectra. Altogether, these improvements
are important and allow the measurement of the valence electrons using X-ray radiation.
In that way, the bulk-like valence band density of states can be precisely measured.
Due to the use of a small spot filament, the irradiated sample area is reduced to a size of
less than 1mm in diameter which allows the selective analysis of small samples excluding
the appearance of photoelectrons from the surrounding material. The source is typically
operated at UHV =14 kV and IE =21 mA.
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2.5.2 HIS13 VUV light source for UPS

The UPS UV light source (HIS13) is a water cooled high intensity discharge lamp (see
Fig. 2.7) that is directly adapted to the UHV system and allows the windowless illumi-
nation of the sample surface. The gas inlet is controlled by a double differential pumping
system consisting of a rotary pump on the first stage and a combination of rotary and turbo
molecular pump on the second pumping stage. This setup provides the possibility of accu-
rate setting of the gas pressure inside the discharge capillary and restricts the undesirable
pressure rise in the UHV chamber. Among the several discharge gases that can be used for
generation of UV light (Ar, H2, He, Kr, Ne, Xe), helium is used in this work to investigate
the valence band structure of InN, In2O3 and ITO. The operation principle of the HIS13

water cooling

cathode anode

discharge 
capillary

light
capillary

Fig. 2.7: Functional parts of the HIS13 VUV lamp [20].

is based on a cold cathode capillary discharge that can be influenced by adjusting the gas
partial pressure as well as the current flow of the discharge. Normally, two modes of light
emission are possible:

1. Light emission from neutral atoms - He I radiation (~ω =21.22 eV)
In this case, the VUV light is generated in the positive column of the discharge. The
operation mode is normally achieved at higher partial pressures.

2. Light emission from singly charged ions - He II radiation (~ω = 40.81 eV)
This radiation type is essentially produced from the cathode fall which is normally
located very close to the cathode surface. To achieve this behavior, the discharge
must be operated at a very low pressure together with higher discharge currents.

The discharge lamp is operated using a 300mA power supply with a stability of < 10-4.
This provides intensity fluctuations of less than 1% if the gas pressure is stabilized. It has
to be pointed out that the HIS13 operation parameters can be set to achieve almost pure
He I generation which results in the absence of disturbing contributions from He II in the
measured spectrum (pressure of pHe∼ 4×10-2 mbar at first pumping stage and I= 100 mA).
However, if the lamp is operated in the second mode, the generation of He I radiation can
only by reduced to a certain limit. For the given setup, the achievable intensity ratio
IHe II / IHe I is ∼ 10% at pHe =5×10-3 mbar and I= 300 mA.
Besides the main lines at 21.22 eV and 40.81 eV, satellite lines are also generated in the gas
discharge and have to be taken into consideration for the interpretation of UPS spectra.
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For the helium discharge, details of the energies and intensities of the different generated
photons are given in Tab. 2.1.

VUV source ~ω (eV) rel. intensity (%) λ (nm) satellite shift (eV)

He I α 21.22 100.0 58.43 -
β 23.09 1.2...1.8 53.70 1.87
γ 23.74 0.5 52.22 2.52

He II α 40.81 100.0 30.38 -
β 48.37 <10.0 25.63 7.56
γ 51.02 n.a. 24.30 10.20

Tab. 2.1: Photon energy and intensity of the spectral lines generated in the VUV discharge lamp
HIS13 when operated with helium [20]. The FWHM of the He I and He II main spectral lines is
below 10 meV.

For the investigation of the valence electrons in indium compounds, the emission from the
shallow In4d semi-core level excited using He II radiation is a very sensitive indicator for
changes at the surface. On the other hand, however, this signal interferes with the emission
of electrons close to the Fermi edge excited by He I radiation. Additionally, the generated
satellite lines of the In4d level disturb the analysis of the valence band distribution of He II
spectra. These two factors have to be kept in mind for the analysis of the measurements
in the following chapters.

2.5.3 EKF 1000 electron source for EELS

The EKF 1000 is an electron source for the application in AES and EELS experiments.
The functional parts of this device are shown in Fig. 2.8. Electrons are generated by a
heated LaB6 filament and are accelerated to an energy of 100 eV to 5 keV by a Wehnelt
grid assembly, pass through an electrostatic lens system (condenser lens, aperture and focus
lens) that allows to vary the current flow and to set the focal distance of the source in order
to adjust the beam diameter at the sample (minimum diameter < 2 µm). A deflection
system, consisting of quadrupole x/y-deflectors are employed for static and dynamic beam
deflection, and can be used in combination with a scanning unit for SAM and SEM imaging.
The emission-regulated LaB6 filament provides reliably and stable emission conditions and

sam
ple

focuscondenser

aperture x,y-deflection

LaB  6

cathode

Fig. 2.8: Functional parts of the EKF 1000 electron source.
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a high beam current necessary for quantitative analysis of electron spectra (the source is
normally operated at an emission current of 40 µA).

2.5.4 Hemispherical electron analyzer

To analyze the distribution I(E) of emitted electrons, a concentric hemispherical analyzer
(CHA) is used. A schematic of the setup is shown in Fig. 2.9. It consists of an electrostatic
lens system, a hemispherical deflection unit and an electron detection unit. The electrons
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channeltron

outer sphere - V2

inner sphere - V1

retardation

angular
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sample

α
entrance slit d1

exit slit d2

Fig. 2.9: Principle setup of a concentric hemispherical electron analyzer.

emitted from the sample are collected by the lens system and focused onto the entrance
aperture of the analyzer. The setting of the first lens defines the analysed area and angular
acceptance from where electrons are collected. The second lens retards or accelerates the
electrons to match the pass energy of the analyzer. The analyzer itself consists of two
hemispherical electrodes with the radii R1 and R2 and an applied voltage of V1 and V2,
respectively. Electrons with an energy Ep that pass the lens system and enter the analyzer
tangentially to the median surface at R0, can only pass the analyzer in a circular orbit, if
the electron energy matches the following condition

Ep =
e · (V2 − V1)

R2
R1

− R1
R2

(2.14)

Due to the finite size d of the analyzer entrance and exit apertures, electrons with a different
energy as Ep can pass the analyzer if they have a slightly different entrance angle. Con-
sequently, a bundle of different electron trajectories for electrons with an energy Ep ±∆E

are possible. This defines the resulting analyzer energy resolution

∆E = Ep · (
d

2R0
+ α2) (2.15)
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The parameter α is called angular acceptance of the analyzer and depends on the settings
of the electrostatic lens system in front of the sample surface. The electrons that pass
the analyzer and leave through the exit aperture are amplified by an electron multiplier
(channeltron). The measured current is proportional to the number of electrons if the signal
intensity is not such high that saturation effects occur. The used EA125 is a multi-channel
analyzer system with 7 channel electron multipliers, placed across the exit plane of the
analyzer to improve statistics. The dispersion offset according to this setup is proportional
to the used pass energy and is normally calibrated with a reference sample.
The analyzer can be operated in constant pass energy mode (CPE or CAE) with Ep = const.

or in constant retardation mode (CRR) where Ep/E = const. The chosen mode defines the
analyzer transfer function which is ideally T (E) ∝ 1/E for CAE and T (E) ∝ E for CRR,
respectively.

2.6 Atomic force microscopy (AFM)

The investigation of morphological properties on a nanoscopic scale can be employed us-
ing high resolution scanning probe methods. In contrast to scanning tunneling microscopy
(STM), where a limitation is given to the investigation of conductive samples, atomic force
microscopy (AFM) enables imaging of the surface structure of all kinds of materials, e.g.
metals, semiconductors, insulators, biological objects. In addition, measurements in liquid
environment are possible. The principle is based on the serial scanning of a sharp tip with a
radius of a few ten nm across a sample and the simultaneous measurements of the existing
forces between tip and surface. Different variations of atomic probe microscopy have been
developed whose application depends on the material that has to be investigated as well as
on the physical properties of interest [21, 22].
For a simple analysis of the surface morphology, the most commonly used technique is
contact mode AFM. The principle of operation is schematically demonstrated in Fig. 2.10.
In this case, the tip is brought into direct contact with the specimen. In order to detect
the motion of the tip while scanning across the surface, it is directly connected to a flexible
cantilever which serves as signal transducer. Bending and torsion of the cantilever due
to morphological changes is related to height differences at the surface and friction forces
between tip and surface during scanning, respectively. Typically, bending and torsion are
detected by measuring the deflection of a laser beam focused onto the reflective cantilever
backside. The deflection is analyzed with a 4-quadrant photodiode acting as position sensi-
tive device (PSD). The continuous movement across the surface is almost always achieved
by a piezoelectric actuator. In this well-established configuration, the specimen is mounted
onto a tubular piezo scanner that is constantly moving inside a defined area in the x-y-
plane. Optimal sensitivity of the PSD is achieved if the laser beam is kept constant in
the center of the photodiode. Therefore, the piezo scanner extension (in z-direction) is
coupled via a feedback mechanism to the signal from the PSD. When the cantilever is bent,
the beam drifts out of the center of the photodiode resulting in different photocurrents for
all four quadrants. The signal generated in the photodiode is proportional to the normal
force FN and lateral friction force FL applied to the tip. The FN signal can be calibrated
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Fig. 2.10: Principle of image acquisition in contact mode atomic force microscopy.

by measuring a force-distance curve under the assumption that the spring constant of the
cantilever is known. The probe signal generated during scanning is compared to the set-
point F 0

N value and an error signal is generated. This error signal is sent to the feedback
controller which controls the voltage for the z actuation of the piezo scanner causing it to
retract or extend. The sample is moved towards or away from the tip and the setpoint
value for FN is maintained. In that way the surface topography can be measured with a
resolution of a few nm in lateral direction, depending on the tip radius, and sub-angstrom
vertical resolution. A crucial parameter is the loop gain setpoint on the feedback controller.
It determines how fast the system reacts to abrupt changes in morphology. Higher loop
gain values lead to a better sensitivity on changes in cantilever deflection, but the loop gain
is limited to values below the point where the feedback signal starts to excite the system
and causing it to oscillate. The real topographic signal is the sum of scanner expansion and
cantilever deflection. For a better visualization of abrupt changes in morphology, such as
surface steps or facets on islands, it is better to plot the normal force (FN ) signal. It has
to be kept in mind, however, that these images do not reflect the real topography of the
surface.

Atomic force microscopy in contact mode was used to characterize the surface morphology
and crystallite structure of externally grown InN, In2O3 and ITO(N) films, that had been
exposed to ambient air. Unfortunately, for as-deposited InN films, that have been directly
prepared and analyzed in the UHV analytic system, this technique could not be employed.
Due to strong attractive forces between tip and freshly grown InN samples, a continuous
scanning across the surface in direct contact leads to irregularly appearing stick and slip
effects resulting in a severe deterioration of scan quality. In that case it was indispensable
to measure the topography in non-contact mode AFM. The typical van-der-Waals curve
showing the interatomic force in dependence on tip-sample distance is shown in Fig. 2.11.
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Fig. 2.11: Interatomic force vs. distance curve between tip and sample in atomic force microscopy.
Contact mode uses repulsive forces, while in non-contact mode the cantilever oscillates in the at-
tractive force region. (after Oura et al. [2])

At relatively large distances the tip is weakly attracted by the sample due to van-der-
Waals forces. With decreasing distance the attraction increases until repulsion occurs.
This corresponds to electrostatic forces as the electron clouds of the sample and tip atoms
overlap and repel each other. While in contact mode the repulsive forces lead to a bending
of the cantilever, non-contact AFM is established by setting a stiff cantilever into vibration
close to its resonance frequency (typically 100 to 400 kHz) at an amplitude of a few tens of
angstroms while scanning above the surface at a distance of the order of tens to hundreds
of angstroms. During scanning in x-y direction as the tip comes closer to the surface, the
force gradient, which is the derivative of the force versus distance, changes with tip-to-
sample separation, resulting in slight deviations of the cantilever resonance frequency. In
non-contact AFM, the variation of the cantilever resonance frequency ∆f is used as probe
signal which is again compared to a setpoint value ∆f0 by a feedback controller. This signal
is used to move the piezo scanner up and down in the z-direction in order to keep the spacing
between tip and sample constant and, in this manner, obtain information about the surface
topography. The small force values in the non-contact regime and the greater stiffness
of the cantilevers used for non-contact AFM are factors that make the signal small, and
therefore difficult to measure. Nevertheless, the sensitivity of this detection scheme provides
sub-angstrom vertical resolution in the image, as with contact AFM.
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2.7 Growth and surface analysis system

The experiments described in this work were carried out in a multi-technique ultra high
vacuum (UHV) system located in the Center for Micro- and Nanotechnologies at the Tech-
nical University Ilmenau. The complete system is a custom-made apparatus from Omicron

NanoTechnology GmbH, Taunusstein. It consists of two interconnected UHV chambers:
a) the surface analytic chamber and b) the preparation and MBE growth chamber, both with
base pressures below 2×10-10 mbar, and a small sample introduction (load lock) chamber.
The vacuum conditions are realized by a combination of turbo molecular and rotary pumps
as well as by ion getter and a titanium sublimation pump (TSP) on each of the two main
chambers. Photographs of the UHV system are shown in Fig. 2.12.

Fig. 2.12: Photographs of the growth and surface analysis system (left: surface analysis chamber,
right: preparation and MBE growth chamber).

2.7.1 MBE growth and surface preparation chamber

The preparation and MBE growth chamber is a system designed for surface preparation and
thin film growth. For the deposition of various materials it is equipped with electron beam
evaporators (EFM 3), e.g. used for the evaporation of gold and silver, and two effusion cells
(WEZ 40) with pyrolytic boron nitride (PBN) crucibles and Ta filaments. These Knudsen
cells are filled with indium and gallium, respectively, for InN and GaN growth. The active
nitrogen is supplied by a SVT Associates RF4.5 plasma source which can be operated up to
500 W. The different stages of nitride thin film growth as well as surface reconstructions can
be monitored by reflection high-energy electron diffraction (RHEED) using an EK-20-RS
electron source from Staib Instruments. This electron gun produces an electron beam
with kinetic energies up to 20 keV. The electron beam has an adjustable grazing angle of
incidence (1 - 5◦) and can be focused onto the surface with a spot size of less than 100µm.
The diffraction pattern is visualized with a phosphorus screen and digitalized using a CCD
camera (PCO pixelfly).
The sample stage consists of a rotatable manipulator stage with the capability of radiative
heating of the sample backside up to temperatures of 1200◦C. The sample temperature can
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be referenced by a thermocouple mounted on the manipulator sample stage after careful
temperature calibration with a pyrometer. A quadrupole mass spectrometer (QMS) with
Faraday cup and electron multiplier provides the possibility of residual gas analysis (RGA)
in the MBE chamber during sample preparation in a scan range from 1 to 200 atomic mass
units.
For surface cleaning and preparation the chamber is further equipped with a cold cathode
sputter gun (ISE 5) for Ar+ ion bombardment. It is mounted at an angle of ∼ 45◦ with
respect to the surface normal and can be operated in an energy range from 250 eV to 5 keV
allowing a wide range of sputtering conditions.
In order to further reduce contamination effects due to desorption of species from the
reactor walls during growth at higher temperatures, the chamber has a cryo-shield for
liquid nitrogen cooling which was always operated during thin film growth in this work. In
that way the base pressure of the growth chamber could be further reduced by one order
of magnitude.

2.7.2 Surface analysis chamber

The chamber is designed to combine the advantages of electron spectroscopy methods such
as X-ray photoelectron spectroscopy (XPS), ultra-violet photoelectron spectroscopy (UPS),
Auger-electron spectroscopy (AES) and electron energy loss spectroscopy (EELS) with the
possibility of investigating the morphology and the structural characteristics of sample sur-
faces by atomic force microscopy (AFM), scanning tunneling microscopy (STM), photoelec-
tron emission microscopy (PEEM) and scanning electron microscopy (SEM). As a result,
the chemical composition, electronic properties and morphology of surfaces can be probed
without removing the sample from UHV. For sample transfer and angle-resolved electron
spectroscopy measurements the analytic chamber is equipped with a precision manipula-
tor that allows sample positioning in all three directions and rotations along the analyzer
plane in order to vary the emission angle in electron spectroscopy. The sample stage on the
analytic chamber manipulator enables specimen annealing via radiative heating from the
backside (up to ∼ 700 K) or cooling down to ∼ 120 K via liquid nitrogen (LN2) cooling.
The different electron spectroscopy techniques are facilitated by several excitation sources
mounted on the system. For AES and EELS measurements, the surface can be irradiated
by electrons from an EKF 1000 electron gun which uses a LaB6 cathode and provides
electrons of variable energy between 100 eV and 5 keV. The electron beam can further be
focused to a spot size down to < 2 µm and scanned across the sample surface in order to
perform SEM by secondary electron detection. XPS measurements can be performed using
two different X-ray sources. The first is a twin anode X-ray tube (DAR 400) that allows
the generation of either MgKα (~ω = 1253.6 eV) or AlKα (~ω = 1486.6 eV) radiation. For
obtaining a better energy resolution in the XPS measurements, monochromated X-rays
can be generated by a system consisting of a X-ray source (Phi 10-610E) combined with a
quartz crystal monochromator (XM 1000). To investigate the valence electrons by means of
UPS, a UV light source (HIS 13) is also mounted onto the chamber. The energy distribution
of the emitted electrons are detected by a hemispherical electron analyzer (EA125) with an
electron mean path radius of 125 mm. The slit size at the entrance and exit of the analyzer
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can be varied by external rotary feedthroughs. Electrons are detected by seven electron
multipliers (channeltrons) placed across the exit plane of the analyzer. In case of necessary
electron spectroscopy measurements on insulating samples, possible charging effects can be
adequately compensated using a charge neutralizer (CN 10).
The scanning probe microscopy (SPM) unit is a combined UHV – AFM/STM system which
works at room temperature. For high resolution measurements, vibration decoupling is pro-
vided by the AFM/STM base plate being suspended by four soft springs. The resonance
frequency of the spring suspension is about 1Hz. Vibrations of the system are prevented
by an arrangement of permanent magnets which float the whole SPM base plate. For AFM
the light beam produced by a special bakeable infrared LED (λ =820 nm) is reflected from
the cantilever backside onto the 4-section position sensitive detector (PSD) via two mir-
rors which are magnetically mounted to piezo-driven actuators for beam alignment. The
scanner unit itself consists of a tube piezo crystal with a maximum scan area of 5×5 µm

and a maximum extension of ∼ 1 µm. Measurements can be performed in contact and
non-contact AFM mode as well as in STM mode with the further capability of performing
scanning tunneling spectroscopy (STS).
In addition to these conventional surface analysis techniques, a Focus IS-PEEM with µ-
ESCA electron energy analyzer is attached to the analytic chamber. It enables measure-
ments of the spatial distribution of emitted photoelectrons that are excited either by a
mercury lamp (HBO 103W/2) or a deuterium lamp (Heraeus D200F) with a specified
step-edge resolution of 20 nm. This system further allows ultra-violet photoelectron mi-
crospectroscopy measurements in the micrometer range using a second VUV HIS 13 light
source directly connected to the PEEM. More details, information and properties of the
PEEM setup can be found in a previous work [23].

2.7.3 Load lock chamber

The load lock is equipped with a turbo pump (Varian) in combination with a rotary pump
(Pfeiffer) to achieve a minimum pressure of∼ 5×10-8 mbar. It facilitates the simultaneous
loading of two samples. A removable transport box is mounted onto the load lock for
transportation of samples to other systems without exposing them to ambient conditions,
e.g. for electrical characterization of oxygen sensitive films in a glove box. This transport
system has also been successfully used to transfer freshly grown nitride samples to a high
resolution electron energy loss spectroscopy (HREELS) system for further characterization
of the vibrational signatures and the electronic properties of the surfaces. It allows the
transfer of samples without exceeding of the pressure above 1×10-5 mbar for ∼ 1 hour.
For the deposition of organic molecules such as pentacene or C60, the load lock chamber
can be further equipped with a self-made crucible evaporator to avoid any contamination
related to evaporation of carbon-based species in the main MBE chamber. The load lock
system is additionally connected to the gas inlet system in order to perform clean adsorption
experiments at higher pressures than possible in the UHV system. Reactive gases with up to
1 bar pressure can be offered to realize higher doses. After exposure, the system can quickly
pumped down and the sample can be transferred and analyzed without being exposed to
air.
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2.7.4 Experimental details and specifications of the electron spectroscopy

measurements

This section summarizes the used experimental settings and parameters for the performed
electron spectroscopy studies. Most important aspects are i) a correct energy calibration
of the system in order to exactly determine important material parameters, like electron
binding energy, distance between valence band maximum (VBM) and Fermi level as well as
the work function, and ii) determination of the energy resolution of the measurements. The
calibration of the electron analyzer is regularly performed by measurement of the Ag3d5/2

core level emission and an exact determination of the position of the Fermi edge of a poly-
crystalline silver reference sample that has been prepared by Ar+ ion bombardment prior
to analysis.
The experimental energy resolution is dependent on the initial line width of the excitation
source as well as the settings of the analyzer (pass energy, slit size). For XPS measurements,
the experimental conditions are chosen to have a FWHM of the Ag3d5/2 peak that is below
600 meV (Ep =15 eV). Due to the higher photon flux of the HIS13, smaller slits and a lower
pass energy are necessary to obtain optimized signal intensity. This aspect, as well as the
fact that the initial line width of He I and He II radiation is narrower, results in much better
resolution of the UPS measurements. The exact analysis of the width of the Fermi edge
as indicator for resolution is described in [23]. For all presented UPS measurements, the
energy resolution is < 100 meV and < 150 meV for the He I and He II spectra, respectively.
The line width of the electron beam generated by the EKF source depends on the desired
primary electron energy E0. For the presented EELS measurements where E0 was varied
from 200 eV to 1000 eV, the FWHM of the peak, originating from elastically reflected elec-
trons, increases from initially 600meV to 800 meV.

Final Remarks

Physical properties of materials are manifold and rely to a certain amount on each other.
For a better understanding of the several aspects and processes influencing important ma-
terial parameters, several additional experimental methods have been applied, partly with
the help of co-workers and colleagues. This includes characterization of structural and
optical properties of InN using X-ray diffraction (XRD) and spectroscopic ellipsometry as
well as the characterization of the surface electron concentration profile using high resolu-
tion electron energy loss spectroscopy (HREELS). Obtained properties from these methods
enable a correct interpretation and analysis of the surface electronic properties as well.
This includes the structural and electrical characterization of In2O3 and ITO(N) thin films.
However, since these measurements are of supporting nature, the principles and details of
these experimental methods will not be discussed here. However, important results that
are correlated to the analysis of surface properties of this work will be taken into account
where appropriate.
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Chapter 3

Chemical and electronic properties

of InN(0001) surfaces

3.1 InN - a promising narrow band gap material

In recent years, the research efforts on the material properties and device processing of group
III-nitrides have experienced a strong rise. Heterostructure devices can profit from the ex-
traordinary electronic properties of group III-nitrides, in particular the binary compounds
AlN, GaN and InN and their alloys. They are distinguished by a high electron mobility,
high drift velocity and the possibility to tune the band gap between 6.2 eV (AlN) and
∼ 0.7 eV (InN). Most investigations have concentrated on GaN, AlGaN/GaN heterostruc-
tures and Ga-rich InGaN alloys which led to a tremendous progress in InGaN/GaN based
light emitting diodes and lasers as well as AlGaN/GaN transistors for high-frequency and
high power devices [24].
Compared to the extensive knowledge about the binary III-nitride compounds GaN and
AlN, InN is far less investigated and understood. This is mainly related to past problems
in epitaxial growth, film quality and the possibility of doping the material. However, calcu-
lations on the carrier transport characteristics predict InN to exhibit the highest achievable
drift velocity of all known semiconductor materials as well as an extremely high electron
mobility [25, 26]. These characteristics promise the realization of ultrafast field effect tran-
sistors (FETs) based on InN, if still existing technological problems could be overcome.
Up to the late 90‘s most properties of InN where determined from magnetron sputtered
samples which exhibited a high electron concentration and low mobility. For example the
band-gap was determined by Tansley and Foley to be 1.89 eV [27]. Progress in epitaxial
growth of InN could be achieved by the adaption of metalorganic vapor phase epitaxy
(MOVPE) and molecular beam epitaxy (MBE), which were first demonstrated in the early
90‘s [28, 29]. Since then a tremendous improvement in the materials properties has been
achieved. Most of the research was focused on improvement of epitaxial growth and film
quality by optimization of growth process and compensation of the lattice mismatch-induced
strain using AlN, GaN or LT-InN buffer layers [30, 31, 32, 33, 34]. Simultaneously, the basic
characterization of the material, such as the optical and electrical properties, was expedited.
For example, the band-gap of InN was a matter of debate in recent years [35, 36, 37]. Since





Chemical and electronic properties of InN(0001) surfaces

experimental [38, 39, 40] and theoretical [41, 42] studies strongly suggested a correction of
the old band-gap value, it is now commonly accepted to lie below 0.7 eV. Concerning the
electrical properties, an electron concentration in the range between 1017 cm-3 and 1018 cm-3

could be achieved and electron mobilities up to 3500 cm2/Vs have been reported [33, 43].
These values were already sufficient for the realization of the first InN-based transistor [44].
The unique electronic and optical properties of InN are of further interest for optoelectronic
applications, solar cells and sensor applications [45, 46]. Particularly, the possibility of pro-
ducing high efficiency InN-based terahertz emitters facilitates a wide variety of applications
[47, 48].

3.2 Electron accumulation at InN surfaces

To establish understanding of the material, a detailed knowledge of the electron density
of states (DOS) is helpful to predict electrical and optical properties of InN. Photoelec-
tron spectroscopy (UPS and XPS) and high-resolution electron energy loss spectroscopy
(HREELS) are suitable methods to investigate the electron valence band DOS and the
electron density profile in the near surface region. However, information on the surface
properties of InN is limited to a few experimental studies. This is mainly related to the dif-
ficulty of preparing contamination-free and well-ordered surfaces with stoichiometric com-
position. For example conventional ion bombardment leads to preferential sputtering of
nitrogen and therefore to an indium enrichment at the surface [49, 50]. It was shown that
a combination of atomic hydrogen cleaning (AHC) and annealing is a suitable method to
remove surface contamination from InN without affecting the surface quality [51], but the
existence of In-adlayers on surfaces prepared by optimized AHC was discovered recently
[52]. For non-ideal conditions, even the formation of metallic droplets could be observed
[53, 54].
By measuring the carrier plasmon energy on AHC-cleaned InN(0001) samples using HREELS
and subsequent simulation of the spectra by semi-classical dielectric theory, a strong accu-
mulation of electrons at InN surfaces as well as at InN/GaN and InN/AlN interfaces was
discovered [55, 56]. The electron concentration in this accumulation layer is as high as
1020 cm-3 resulting in a sheet carrier concentration up to 1014 cm-2 [57]. Intensive studies
led to the conclusion that this characteristic is due to the unique band structure of InN.
It exhibits an unusually low conduction band minimum at the Γ-point and a very high
electron affinity. As a result, the branch point energy EB or the charge neutrality level,
which is the crossover point from donor-type to acceptor-type surface states, is located well
above the conduction band minimum. This allows donor-type surface states to emit their
electrons into the conduction band. Hence, the surface Fermi level tends towards EB, giving
rise to electron accumulation at the surface [58, 59, 60].
A microscopic description of the origin of Fermi level pinning can be found in possible
surface states [61, 62]. For InN(0001) films produced at moderate In/N ratios, an indium-
induced (2×2) reconstruction has been predicted by theoretical calculations resulting in the
existence of occupied In-In bonds above the CBM which pin the Fermi level. The same
is true under In-rich conditions where the In-polar (0001) surface is covered by a laterally
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contracted In bilayer. At this high coverage, the In-In bonds and dangling-bond states
strongly interact, leading to a large energy dispersion within the band gap. A similar be-
havior is found for nonpolar InN surfaces prepared at In-rich conditions. In contrast, for
moderate In/N ratio an absence of occupied states inside the conduction band is predicted
on m- and a-plane InN and hence, no electron accumulation would exist when the samples
are prepared under these specific conditions [61, 62]. However, electron accumulation has
been found experimentally on m-plane and a-plane as well as cubic InN surfaces [63, 64].
The surface electron layer influences the electrical properties of InN films and the complex
consequences of this aspect on the performance of InN-based devices are the topic of ongo-
ing research. Crucial will be the open question whether there is a possibility to control the
carrier density in the accumulation layer, which will have strong impact on the switching
behavior in InN transistors and is also an important parameter for chemical and biological
sensors applications.

3.3 Examination of InN surfaces which have been exposed

to ambient conditions

The evaluation of surface properties of InN samples that have been transported through
ambient conditions is only possible if suitable preparation routines can be employed. Since
a device for atomic hydrogen cleaning was not available at the used surface analysis sys-
tem, a different approach was chosen. Samples that have been grown by V. Lebedev in the
Nitride-MBE system of the Nanotechnology group at ZMN, were, after growth, transferred
as quickly as possible through air into the UHV system in order to minimize the expo-
sure time to contaminants. Other InN samples as for example from H. Lu and W. J. Schaff
(Cornell University) had been stored for longer time in ambient conditions. The subsequent
annealing at temperatures below 250◦C was relatively successful to reduce the amount of
oxygen at the surface. However carbon related contaminants could not be affected by this
treatment. The results of these examinations are published in [34, 65, 66].
For samples with a thickness of ∼ 800 nm, where the coalescence of the initially formed is-
lands has not been finalized during growth, surface steps could be measured using contact-
mode AFM measurements. Fig. 3.1 shows AFM scans performed on one of these samples.
The surface consists of an arrangement of homogeneously distributed islands with an av-
erage diameter of ∼ 50 nm which has been formed during the intermediate growth state.
The islands are not well separated but seem to be connected due to coalescence as can be
deduced from the high resolution normal force scan on the right-hand side. The formation
of this well-arranged geometry with directly visible surface steps, which are confined within
the islands, leads to the conclusion that the growth process is strongly influenced by the
fact that the adatom surface migration is sufficiently high to allow the formation of regular
stepped structures. The measured step height of ∼ 6 Å corresponds well with the crystal
structure of InN. This distance is in good agreement with the c lattice parameter of 5.7 Å
within the accuracy of the AFM measurement.
A number of different information on the surface chemistry and valence band structure has
been obtained by XPS and UPS measurements on these InN samples [34, 65, 66]. This
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Fig. 3.1: Contact mode AFM scans and line profiles of an InN surface in the stage of island
coalescence at low thickness. Left image: 500× 500 nm2 scan of the sample topography. Right
image: 100× 100 nm2 normal force scan showing the existing steps with a height of ∼ 6 Å. The lines
indicate the locations where the line profiles (bottom) were measured.

includes the determination of the core level binding energies and chemical states at InN as
well as the examination of the valence band characteristics. Non intentionally doped and
Mg-doped InN layers were analyzed by AES sputter depth profiling combined with PES
measurements. On the surface of both types of layers a high concentration of oxygen and a
strong accumulation of electrons was observed. However, in contrast to the undoped layers
the conductivity profile of Mg doped InN shows a strong discontinuity close to the surface.
From the shift of the In(MNN) peak in AES and the determination of the valence band
maximum with respect to the Fermi level by UPS, differences in the surface band align-
ment between both InN types could be evaluated. By the combination of AES and UPS, a
model for the band bending is proposed, which is displayed in Fig. 3.2. In the bulk of the
Mg-doped InN the In(MNN) peak shift of about 0.15 eV demonstrates the influence of the
Mg on the Fermi level, while the surface is clearly n-type. This characteristic demonstrates
that Mg doping indeed can compensate the n-type conductivity in the bulk and is therefore
a prospective candidate to achieve p-type doping in InN [66, 67].
The gained experience and the identified problems of surface preparation of externally pro-
duced InN films initiated the idea to perform investigations on samples that have been
directly prepared by MBE in the growth and surface analytic system in order to exclude
any effects related to surface impurities from transport in air. The realization of these
investigations and the consequential results are described in the next sections. In the first
step, the growth parameters were optimized and their influence was analyzed. Subsequently
the properties of InN(0001) films with a stoichiometric surface composition were examined
using electron spectroscopy and electron diffraction methods.
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Fig. 3.2: Surface band bending and bulk Fermi level of nominally undoped (left) and Mg-doped
(right) InN.

3.4 Influence of In/N flux ratio on the surface properties of

InN grown by PAMBE

With the aim to study clean InN surfaces, the realization of epitaxial growth of InN films
using MBE had to be established first. This was supported by a accompanying Diplom
thesis by A. Eisenhardt [68]. Within this period, important growth parameters, e.g. the
settings of the indium and nitrogen sources as well as the substrate growth temperature
have been optimized in order to produce crystalline and stoichiometric InN films. Taking
into account the required substrate conductivity for electron spectroscopy measurements,
Si-doped GaN(0001)/Al2O3(0001) templates from TDI, Inc. were chosen as substrates in
order to avoid disturbances resulting from charging effects which are typical for high qual-
ity undoped GaN templates. The used template consists of a MOCVD grown 5 µm thick
GaN:Si film with a specified carrier concentration of n∼ 6× 1018cm-3.
The parameters for the growth of In-polar InN films were adjusted following the available
phase diagrams of InN(0001) growth published by Dimakis et al. [69, 70] and Gallinat et al.
[71]. The In film quality is mainly restricted by the extremely low decomposition temper-
ature of InN as well as the strongly enhanced desorption rate of nitrogen at temperatures
above 450◦C. These properties indeed contradict the aim of a sufficient mobility of indium
and nitrogen atoms at the surface, which is enhanced at higher temperatures, and restrict
the growth temperature to 470 - 480◦C for In-polarity InN. Of further importance is the
fact that smooth InN surfaces formed by step-flow growth behavior due to higher adatom
mobility, were only achieved at fairly high In-flux resulting in the simultaneous accumula-
tion of metallic indium at the surface. Metallic droplets are typically removed by etching of
the sample surface in HCl vapor after growth. However, for the implementation of electron
spectroscopy for in-situ surface analysis, excess indium on the surface has to be avoided.
On the other hand, N-rich conditions lead to three-dimensional growth of the InN films.
Consequently, the basis premise of the optimization of growth parameters in this work was
to achieve stable growth conditions where a stoichiometric InN surface composition could
be realized. Aspects of surface morphology, were also important, but only as a secondary
parameter. The influence of growth conditions on the surface composition is presented in
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this section while the subsequent analysis of the surface electronic structure will mainly
focus on the results for optimized, stoichiometric InN surfaces. Effects of indium accumu-
lation on the surface properties of InN films grown at high In/N flux ratio are discussed in
[68].
The substrate temperature was estimated by linear extrapolation of a pyrometer calibra-
tion curve measured at temperatures above 600◦C. All numbers are given with respect to
this reference. It has to be stated, that this procedure for the specification of temperatures
in the lower region (300 - 500◦C) leads to a non-negligible error of ± 30 K for the absolute
values. However, the stability and reproducibility of the performed experiments is com-
plied and the error in relative temperature values is below 5 K. Since the flux of reactive
nitrogen species to the surface is the limiting factor for the growth rate in the “mini-MBE”
system, the settings of the N2 plasma source were chosen to allow stable operation con-
ditions but remained unchanged if not otherwise indicated (the nitrogen partial pressure
was 3×10-5 mbar and the plasma source was operated at 350 W). The main parameters for
growth optimization were therefore the temperature of the In cell to regulate the metal flux
as well as the substrate temperature which influences the adsorption/desorption balance of
In and N as well as the mobility of atoms at the surface [71].
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Fig. 3.3: Variation of the RHEED patterns of InN films deposited with different In/N flux ratio
during PAMBE growth at 440◦C. Shown are the diffraction patterns along the [1120] and [1100]
direction.

Before InN deposition, the GaN templates were heated up to 720◦C in a nitrogen plasma to
remove contaminations from the wafer surface. Special care was taken to avoid roughening
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Fig. 3.4: Dependence of the topography of InN films on the In/N flux ratio during PAMBE growth
at 440◦C measured by non-contact atomic force microscopy.

of the surface which occurs when annealing is performed at slightly higher temperatures.
This procedure results in the formation of a sharp (1x1) RHEED pattern and a strong
reduction of residual oxygen and carbon impurities at the surface (< 0.2ML) as determined
by XPS. Afterwards, the samples were cooled down to the desired growth temperature,
where the InN growth was initiated by opening the shutter of the indium Knudsen cell.
The growth was monitored in-situ by RHEED. All produced samples had a relatively low
thickness between 100 and 300 nm, which is related to the relatively low growth rate of
20 - 40 nm/h.
For a growth temperature of 440◦C, the influence of the In/N flux ratio on the RHEED
pattern after growth is presented in Fig. 3.3 in a series varying the In evaporator temper-
ature as parameter between 720◦C and 750◦C. In the following three different stages of
sample stoichiometry resulting from different In-flux settings are compared, denoted “N-
rich”, “stoichiometric” and “In-rich” conditions. As expected for the lowest used In flux,
the RHEED pattern exhibits a strong contribution from 3-dimensional diffraction spots,
a clear indicator for island formation at the surface. The results of the RHEED analysis
stands in direct correlation to the sample topography, measured by AFM after growth (see
Fig. 3.4). For TIn = 720◦C, the topography of the sample is relatively rough and charac-
terized by the existence of small crystallites with a diameter below 100 nm that are partly
converged to larger agglomerates. This behavior is typically found for N-rich growth condi-
tions [69, 70, 71]. The increase of the indium flux results in an improvement of the RHEED
pattern. The intensity of the transmission spots is strongly reduced and a streaky RHEED
pattern is formed during growth.
The pictures in Fig. 3.3 represent the status after growth and subsequent cooling down of
the samples in the nitrogen plasma. It has to be mentioned that during growth a (1×1)
surface structure was always observed. Any additional structures in the RHEED patterns,
indicative for the formation of possible surface reconstructions have only been observed
after closing the In-shutter and reducing the sample temperature while the plasma source
was still in operation. The nitrogen source was typically switched off at 300 - 250◦C. For
the case of TIn =740◦C, the formation of a (2×2) surface reconstruction is concluded from
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the clearly visible half order streaks in both crystal directions. This is an indication for a
relatively ordered atom arrangement at the surface. The topography is also improved, but
a relatively high roughness is still present (4 - 5 nm rms). For even higher In flux, the surface
quality is further improved. In this case, the AFM scan shows the formation of larger and
partly coalesced crystallites with a diameter of a few hundred nanometers (see Fig. 3.4).
This observation is in in very good agreement with the already discussed tendency that
slightly In-rich conditions lead to a higher adatom mobility resulting in improved growth
conditions. Since the sample thickness was only ∼ 150 nm, it is anticipated that under
these growth conditions, a smooth topography can be obtained for thicker layers induced
by further coalescence of the islands [34]. However, as will be discussed below, these set-
tings already result in strong accumulation of metallic indium at the surface that makes a
determination of the InN properties by PES difficult. A first indication of excessive indium
at TIn =750◦C is already visible in the corresponding RHEED pattern. During growth,
the intensity of the streaks in the RHEED signal is weaker compared to the settings with
lower In flux and furthermore a homogeneous background signal is detected in between
the streaks. This is an indication for the existence of an unordered surface layer during
growth. As soon as the In-shutter is closed, the intensity of the streaks recovers drastically
in intensity indicating ordering of the topmost surface layers. The final diffraction pattern
after cooling down is presented in Fig. 3.3. Additional weak streaks with a different spacing
compared to the reciprocal lattice of InN appear which are marked by white arrows for
better visualization. It indicates the formation of a contracted In adlayer at the InN(0001)
surface. In the [1100] direction, the spacing ratio between the outermost streaks of the
In- and InN-related signal in the RHEED pattern is 1.14 which corresponds to a factor of
0.88 in real space. Accordingly, the spacing ratio in the [1120] direction is estimated to be
0.91. These values are in good agreement with the lattice constants ratio of In and InN
(aIn/aInN = 3.2523 Å / 3.5446 Å = 0.92). This observation is in agreement with theoretical
works, since a laterally contracted In-bilayer has also been predicted by DFT calculations
to be the most stable arrangement under highly In-rich conditions [72].

Besides the variation of the surface morphology upon increasing In-flux, differences have
also been found in the photoelectron spectra. A comparison of the most important core
level spectra of InN samples grown using different In/N flux ratios and different substrate
temperatures are presented in Fig. 3.5. For each growth temperature, the flux ratio has
been adjusted in the same way as described above for the example of 440◦C. For stoichio-
metric and N-rich conditions, the In3d5/2 and N1s core levels have their maximum intensity
at a binding energy of 443.7 eV and 396.0 eV, respectively. As already mentioned, a non-
stoichiometric surface composition is found for the In-rich growth conditions. This can be
directly deduced from the decrease in N1s intensity found for these settings (blue curve in
Fig. 3.5), since all spectra are normalized to the same In3d5/2 peak height. Assuming a ho-
mogeneous coverage, the thickness of the indium film is calculated from the attenuation of
the N1s intensity compared to stoichiometric films to be 0.5 nm (1.5 - 2 ML). Additionally,
a shift of the core levels by 0.25 eV towards lower binding energy is observed in this case,
approaching the value of the In3d5/2 core level of metallic indium as reference.
In some cases, the N1s signal contains a second feature at 397.7 eV. Its intensity depends
on the used growth temperature and the In/N flux ratio. For N-rich conditions at 400◦C it
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Fig. 3.5: In3d5/2 and N1s core level spectra of in-situ prepared InN films. Compared are samples
that have been grown at different In/N flux ratio and different substrate temperatures. For further
details see text.

is observed as a directly visible peak with an amount of ∼ 15% compared to the main N-In
structure. As clearly visible, this feature is only present as a shoulder on the high binding
energy side for Tgrowth =440◦C for N-rich growth, while under stoichiometric conditions,
this feature is absent resulting in a narrow peak with a slight asymmetry. Finally at 450◦C
the N1s peak exhibits the smallest FWHM. Due to the performed in-situ analysis of the
sample stoichiometry and, hence, absence of carbon- or oxygen-related impurities within
the detection limit of XPS, this additional structure at 397.7 eV cannot be attributed to
N-O bonds, which have been observed at the surface after transport through ambient con-
ditions [34]. It is concluded that this structure in the N1s spectra is caused by incorporated
nitrogen species due to the excess nitrogen supply. In a study on differently prepared InN
films it has been suggested that point defects such as antisite defects (nitrogen on metal
site), indium vacancies or N interstitials could cause this level with shifted binding energy
[73].
Interestingly it was found that the samples grown at N-rich conditions and lower temper-
atures exhibited an additional signal in XRD measurements as well. In Fig. 3.6 the ω-2Θ
scans of the InN(0004) reflex for two different samples, prepared under stoichiometric (red
curve) and N-rich (black curve) conditions, are compared1. One has to be aware that the
intensity axis is presented in logarithmic scale. The red curve exhibits an extra peak at
64.8◦ close to the InN(0004) signal which might be related to the excess nitrogen growth
conditions. However, normally for defects inserted into the bulk crystal, a strain-induced
change in the lattice constant would be expected resulting in a shift of the single peak

1X-ray diffraction analysis was implemented using a Bruker AXS D8 high resolution X-ray diffractometer.

The measurements were performed by K. Tonisch
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Fig. 3.6: XRD ω-2Θ scans of the InN(0004) reflex comparing InN samples with and without excess
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in the X-ray diffractogram, rather than occurrence of a second component. A detailed
analysis of the additional structure in the measured symmetric (0002), (0004), (0006) and
asymmetric (1105) reflexes (not shown) results in the conclusion that this structure is due
to the formation of cubic InN crystallites during growth at nitrogen-rich conditions. For
example, the structure in Fig. 3.6 at the angle of 64.8◦ corresponds to the (222) reflex of
cubic InN. In correspondence, a second feature related to the cubic (333) reflex of InN was
found close to the (0006) peak and a (224)-related signal in the surrounding of the (1105)
reflex. Possibly this cubic phase is formed during initial nucleation of cubic crystallites at
the InN/GaN interface under the used N-rich conditions. This effect has been reported to
occur in the wetting layer during growth of InN on GaN(0001) [74] and is explained in terms
of energetic stability of the cubic phase due to the incorporated strain. This is believed to
be the underlying phenomenon the leads to the unusual results of the XRD measurements
on the samples grown at N-rich conditions. After the initial first layers of InN growth, the
hexagonal phase is more stable and is of course the dominating part in the MBE grown
InN samples. Nevertheless, the formation of cubic crystallites in the beginning of the InN
growth does not correspond to the detected second chemical state in the N1s core level
spectrum. The difference in crystal structure (wurtzite vs. zincblende) cannot induce the
large shift of the electron binding energy of 1.7 eV and therefore, as discussed above, the
additional N1s feature must be caused by excess nitrogen that is inserted into the film.
The variation of In/N flux ratio during InN MBE has further influence on the surface
properties of the films. X-ray photoelectron spectra of the shallow In4d core level and the
valence band distribution measured using monochromated AlKα radiation are compared in
Fig. 3.7 for the different growth parameters. As already observed for the In3d5/2 peak, no
difference is found between the spectrum of a sample prepared at stoichiometric conditions
compared to a surface that has been prepared at a high N-flux. A direct extrapolation of the
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Fig. 3.7: Photoemission spectra of the InN valence band and the In4d and N2s semi-core level
measured using monochromated AlKα radiation (hν =1486.7 eV). Presented are measurements of
films that have been deposited under different In/N flux ratio in comparison to metallic In.

valence band trailing edge from the XPS scans leads to a valence band maximum of 1.55 eV
below the Fermi level EF . This value is in excellent agreement with published data [60] and
proves the existence of the electron accumulation layer at contamination-free InN surfaces.
MBE growth at slightly indium-rich conditions modifies this behavior. Most noticeably,
now strong electron emission is detected up to EF and the N2s and valence band intensity,
which mainly consists of N2p states, is reduced. Furthermore, the electronic states are
shifted by 0.25 eV towards EF and the In4d spin orbit splitting is well resolved. All these
features can be explained by the existence of excess surface indium under these conditions.
To support this statement, an indium reference spectrum is plotted for comparison. It has to
be mentioned that reports exist which contain VB spectra of InN films prepared by atomic
hydrogen cleaning (AHC) that also show electron emission up to the Fermi level [52]. This
feature was explained by the formation of stable indium adlayers with a simulated thickness
of ∼ 3.4ML on top the InN crystal lattice for In-polarity InN. Theoretical calculations also
predict the stability of metallic adlayer configurations under In-rich conditions [72, 75]. A
similar origin can be assumed for the results presented here, since no droplet formation was
observed in the AFM measurements.
Using He II radiation to study the valence band and the In4d structure, brings the advantage
of being even more surface sensitive. The respective measurements are shown in Fig. 3.8.
One has to be aware of some special aspects of these spectra. Since photoelectrons are
generated by all spectral lines produced by the UV source, several features in the presented
spectra are caused by ghost/satellite lines and do not belong to the actual density of states
of InN at the respective binding energy values. First of all, most of the signal below a
kinetic energy of 21.2 eV is generated by He I radiation. Furthermore, disturbing signals
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from In4d emission induced by the He II β and γ satellites, which occur at 7.56 eV and
10.20 eV higher energy compared to the main line, have to be also considered as artifacts.
The trend discussed for the AlKα measurements can be found here (Fig. 3.8) as well. Due
to the narrower line width of He II, it is possible to resolve the spin orbit splitting of
the In4d peak for the surface with a (2×2) reconstruction that has been prepared using
stoichiometric conditions. This is an indication for a good crystalline order at the surface.
In comparison, for N-rich growth, this feature is not as well resolved. On the other hand,
for In-rich growth, the signal consists also of a superposition from information of InN as
well as the indium adlayers.
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Fig. 3.8: Photoemission spectra of the InN valence band and In4d semi-core level measured using
He II radiation (hν =40.8 eV). Presented are measurements of films that have been deposited under
different In/N flux ratio in comparison to metallic indium.

The work function of the grown samples shows a linear dependency on the In/N flux ratio.
For highly N-rich conditions, the highest value of 4.8 eV is measured, while under stoichio-
metric conditions, the values vary between 4.5 and 4.6 eV. As expected for slightly In-rich
growth, φ approaches the value of 4.1 eV for metallic indium. In these cases a work function
of 4.2 eV is typically measured.
One important fact has to be additionally highlighted. In all UPS measurements, inde-
pendent of the surface preparation, the electron density reaches up to the Fermi level. A
highly nitrogen enriched environment can only partially reduce the intensity of this signal.
Especially the fine structure of this feature for the (2×2)-reconstructed surface is an indi-
cation for the existence of surface states. This aspect will be addressed in more detail and
is discussed in a separate section below (see 3.6.2).
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3.5 Bulk properties of InN(0001) samples grown under op-

timized conditions

For selected samples that have been grown under stoichiometric conditions, a comparative
series of external measurements has been realized in order to evaluate the bulk properties
of the material since surface sensitive techniques alone cannot be considered for judging the
sample quality. X-ray diffraction measurements allow the determination of the crystallo-
graphic properties and the lattice constants, while the optical properties were characterized
by spectroscopic ellipsometry. Furthermore for one sample it was possible to perform an ex-
tensive HREELS analysis in order to determine the surface and bulk electron density. The
results are briefly summarized in this section in order to evaluate the quality of the prepared
InN films and to prove the reliability of the discussed results on the surface properties.

3.5.1 X-ray diffraction (XRD)

The crystal structure of the samples was characterized by X-ray diffraction measurements at
room temperature. Conventional ω-2Θ scans prove the formation of hexagonal c-plane InN
films. Only reflexes related to the epilayer as well as the GaN/Al2O3 template were found.
Hence the existence of other crystalline phases, such as for example the formation of metallic
inclusions in the material can be excluded. For the evaluation of the lattice constants of
the films, XRD reciprocal space maps across the (0002) and (1105) reflex of GaN and InN
were measured. The results are summarized in Tab. 3.12. Compared to available literature

XRD reflex c (Å) a (Å)

InN(0002) 5.6965 -
InN(1105) 5.6971 3.5432
GaN(0002) 5.1852 -
GaN(1105) 5.1865 3.1884

Tab. 3.1: Lattice constants of InN epilayer and GaN template as determined from XRD reciprocal
space maps of the symmetric (0002) and asymmetric (1105) reflexes. The sample was grown at
440◦C under stoichiometric conditions and has a thickness of ∼ 320 nm.

data, the resulting lattice constants of a = (3.543± 0.001) Å and c = (5.697± 0.001) Å are
in agreement with the observed dependency of c and a on the introduced biaxial strain
depending on film thickness and growth mode. The determined values indicate that the
prepared films are slightly tensily strained [76, 77].

2X-ray diffraction analysis was implemented using a Bruker AXS D8 high resolution X-ray diffractometer.

The measurements were performed by K. Tonisch
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3.5.2 Spectroscopic ellipsometry (SE)

For the examination of the optical properties of InN films grown at 440◦C and 450◦C,
samples were hand over to the Experimental Physics I group at TU Ilmenau, which has
extensive experience in the characterization of optical semiconductor properties, especially
of III-Nitrides. Variable angle spectroscopic ellipsometry was performed in the energy
range from 0.7 eV to 5.0 eV using a commercially available rotating-analyzer ellipsometer
(Woollam VASE) at incidence angles of 62◦, 68◦ and 74◦ with respect to the surface normal3.
The samples were examined according to their studies on In- and N-polarity hexagonal InN
films [78]. The real (ε1) and the imaginary part (ε2) of the complex dielectric function
ε̄ = ε1 + iε2 were obtained by fitting the experimental data Ψ and ∆ using a multilayer
model similar to the procedure reported in [79]. In that way, the InN film thickness could
be determined. Taking into account the Burstein-Moss shift and band-gap renormalization
due to occupancy of the conduction band as well as the intrinsic InN band-gap of 0.68 eV,
the bulk carrier concentration can be estimated by a comparison of the calculated shape of
the imaginary part of the dielectric function with the experimental data (see Fig. 2 in Ref.
[78]).
For the examined samples, the bulk carrier concentration was estimated to lie between
8×1018 cm-3 and 1×1019 cm-3. In comparison to the typical values obtained for MBE grown
InN films, this carrier concentration is about one order of magnitude higher. This fact can
partially be explained by the relatively low film thickness (250 - 300 nm) of the produced InN
samples. Normally, the dislocation density as well as the carrier concentration is drastically
lower at a film thickness above 1µm [43]. However, due to the low growth rate of ∼ 20 nm/h,
such a thickness of the InN films could not be achieved in a reasonable time with the given
setup.

3.5.3 High-resolution electron energy loss spectroscopy (HREELS)

High-resolution electron energy loss spectroscopy (HREELS) measurements were performed
on a sample with a thickness of 320 nm. For this purpose, the as-prepared sample was trans-
ferred via a high-vacuum transport box to a second UHV system equipped with a HREEL
spectrometer. It allows transfer of samples without exceeding a pressure of 1×10-5 mbar
for approximately 1 hour. In this manner, sample contamination could be minimized en-
abling measurements without any further preparation steps. For evaluation of the electron
density profile inside the InN film, a series of HREEL spectra were measured varying the
primary electron energy E0 from 1 eV to 200 eV. Besides the detected vibrational modes
such as the InN Fuchs-Kliewer phonon at 566 cm-1 (70.2meV) as well as the C-H stretching
and bending modes, the shift of the carrier plasmon could be evaluated. Since the probing
depth for inelastic scattering is inverse proportional to the scattering vector

q‖ =
√

2E0me

~
· sin(Θ) ·

(
1−

√
1− EL

E0

)
(3.1)

which depends on the used primary energy E0, the respective loss energy EL (the measured
carrier plasmon energy in this case), the electron mass me and the chosen scattering geome-

3The SE measurements as well as the subsequent modeling were carried out by P. Schley.
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try (all measurements were performed in specular geometry with the chosen scattering angle
of Θ= 55◦ with respect to the surface normal), the carrier density profile can be probed by
varying the primary electron energy E0. Resulting spectra from the performed HREELS
measurements and the dependence of the carrier plasmon (CP) energy on E0 are presented
in Fig. 3.9 together with the calculated probing depth variation according to Eq. 3.1. The
obtained values are compared to published measurements on samples prepared by MBE
and by high-pressure CVD [80, 81]. The variation found is in very good agreement with the
values reported for MBE-grown samples. However, an extension of the primary electron
energy to lower as well as higher values up to 200 eV allows a more detailed analysis of
the electronic properties in the electron accumulation layer. From theoretical modeling of
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Fig. 3.9: Results of the HREELS measurements on InN(0001) (left) and the corresponding variation
of the carrier plasmon induced energy loss in dependence on the used primary electron energy (right).
Values from own measurements are compared to available data in the literature [80, 81]. The inset
shows the corresponding dependence of the probing depth according to Eq. 3.1.

the carrier density profile and the band distribution and their comparison to the HREEL
spectra, the bulk electron concentration was estimated to be ∼ 8×1018 cm-3. This value
is in very good agreement with the results obtained by the optical characterization from
spectroscopic ellipsometry measurements. Furthermore, the electron density at the surface
accumulation layer has a maximum value of ∼ 3×1019 cm-3, approaching the bulk concen-
tration within the first 15 nm from the surface [82].
In conclusion, the sample quality obtained for the prepared InN films is already respectable
and particularly sufficient for the desired examination of the surface properties of InN thin
films and their interaction with atomic or molecular species using electron spectroscopy.
Some drawbacks in the surface morphology and electron concentration have to be accepted
with respect to the best samples prepared by groups that are specialized in MBE and/or
MOVPE growth of group-III nitrides. This is mainly related to the restricted film thickness
that can be realized in the used MBE growth setup.
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3.6 Electronic properties of clean InN(0001) surfaces probed

by electron spectroscopy

In this section, the surface electronic structure of InN samples, that have been produced
after careful optimization of all growth parameters, to assure a clean surface with stoichio-
metric composition, are described.

3.6.1 Occupied and unoccupied electronic states

The possibility to investigate several aspects of the density of occupied electron states by
means of photoelectron spectroscopy has already been presented above. Such investiga-
tions have been applied in the past using X-ray photoelectron spectroscopy to support bulk
band structure calculations from density functional theory as well as to analyze the effect
of downward band bending induced by the formation of the electron accumulation layer
[83, 60]. Implementing X-rays, the resulting VB spectra are comparable to the bulk density
of states integrated over the whole Brillouin zone of the material. The first aspect is caused
by the fact that the inelastic mean free path of electrons with a kinetic energy around
1500 eV is relatively large (between 25 and 30 Å). Therefore, the resulting signal consists
of information integrating over several lattice planes. In contrast, the implementation of
ultra-violet photoelectron spectroscopy for the examination of the surface valence band
density of states is strongly restricted to adsorbate-free samples due to the extremely low
electron inelastic mean free path in this case. Hence, such investigations are strongly linked
to the preparation of the samples and have so far not been satisfactory [49, 65].
For a correct interpretation of the PES measurements, one further aspect has to be con-
sidered. Since the analyzer electron optics determines the angular acceptance angle ∆Θ
of the detected electrons, only electrons in a certain range of the wave vector component
parallel to the surface are detected in the normal emission geometry. Hence, the measured
valence band spectra consist of a summation of electron states in the Brillouin zone around
the Γ-point. Depending on the kinetic energy of the emitted electrons and the analyzer
acceptance angle, only parts of the whole electron states in the Brillouin zone are accessible
according to

k‖, max =
√

2Ekinme

~
· sin(∆Θ) (3.2)

This dependency is depicted in Fig. 3.10 for the used experimental settings (acceptance an-
gle of 8◦). In the energy range of XPS measurements, the whole Brillouin zone is covered,
while for the He I and He II as well as the secondary electron region only states from a cer-
tain proportion around the Γ-point are analyzed, which gives a limitation of the performed
measurements. On the other hand, this aspect enables k-mapping of the occupied electron
states using angle-dependent UPS measurements. However, the above discussed aspects
are only strictly true for perfectly flat single crystal surfaces. Since the investigated InN
samples have a topography with a roughness of 4 - 5 nm, an additional contribution in the
photoelectron spectra is caused by emission of electrons from other crystal directions than
the c-plane. A quantification of this effect is almost impossible, but in summary it has to
be kept in mind that UPS spectra do not contain information about the whole set of states
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in the Brillouin zone.
In addition to the usually investigated occupied electron states in PES, further information
on unoccupied states can be obtained by the analysis of the fine structure of the secondary
electron cascade peak. Most of the information on unoccupied states is currently available
from ellipsometry measurements [40, 84] and soft X-ray emission/absorption (XES/XAS)
experiments [85], which were already compared to results from band structure calculations.
For the involved processes, typically the projected partial density of p-like states (p-DOS)
has to be considered [84, 85].
An example of a complete photoelectron spectrum excited by He I radiation is shown in
Fig. 3.11. Such spectra normally contain a superposition of information from electrons that
have not suffered any energy loss during movement towards the surface and those which
were subject of inelastic scattering. Due to the special distribution of the energy levels in
InN (the density of states between the In4d level and valence band region is almost zero -
see Fig. 3.7), these two contributions can be divided. The region between the abrupt onset
of the secondary cascade peak, which represents the position of the vacuum level EV ac, and
a kinetic energy of ∼ 15 eV contains no spectral information of occupied InN states. Since
the cascade peak of true secondary electrons normally represent a broad and featureless
signature, as exemplarily indicated in the picture as gray graph, any fine structure is re-
lated to electrons that were scattered into unoccupied states above EV ac before exiting the
surface. Since multiple scattering processes are involved, the resulting energetic levels rep-
resent states from the complete density of states (s-, p- and d-like). The separation between
occupied and unoccupied states for InN can therefore be made by a simple cut through the
He I spectrum as indicated in Fig. 3.11. In that way the information of PES measurements
are expanded to unoccupied states up to ∼ 12 eV above the Fermi level. Unfortunately,
since electrons that are scattered into unoccupied states below the vacuum level cannot
exit the surface, the region between EF and EV ac is not accessible by PES in this way.
For stoichiometric InN(0001) films prepared using the optimized growth conditions, the
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Fig. 3.11: Schematic of the different energy regions in a He I spectrum of InN that contain informa-
tion about occupied states below the Fermi level EF as well as unoccupied states above the vacuum
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whole energetic distribution is presented in Fig. 3.12, including a compilation of the photo-
electron spectra obtained using different excitation sources. It consists of occupied electron
states around the shallow In4d core level around -18 eV, well defined structures in the va-
lence band between -8 and -1 eV as well as features up to 12 eV above EF . The resulting
energy distribution is compared to published results from DFT calculations of the density
of states from the groups of F. Bechstedt [83] and C.G. Van de Walle [61]. Of great im-
portance for the exact determination of the band structure is the correct treatment of the
shallow semi-core In4d level whose binding energy is typically underestimated in DFT. The
choice of the proper functionals is a further aspect for obtaining adequate band structure
results. Typically, the calculated band gap values from DFT are too small and for InN even
negative gaps were calculated. Both groups have achieved a correct determination of the
band gap energy, by extensive studies either by using the HSE03 functional [86] or using
modified pseudopotentials [87].

An overall qualitative agreement is found for the occupied states between the theoretical
and the experimental data presented here, which is also comparable to recently published
measurements [83] (the peak notations in Fig. 3.12 are adopted from this publication). The
measured width of the valence band is in between the values of the theoretical calcula-
tions as can be seen in the energetic location of the structures denoted SWZ

I and PWZ
II in

Fig. 3.12. As quality indicator, the structure at -5.05 eV (denoted SWZ
I in [83]) is much bet-

ter pronounced in the UPS measurements. This is due to the better energy resolution and
signal-to-noise ratio for these measurements compared to the XPS results. In contrast to
the slightly overestimated width of the VB calculated using HSE03, the energetic position
of the In4d level together with the N2s contribution is slightly lower if compared to the
experimentally determined values, but it has to be mentioned that the comparison with the
experiments is complicated since e.g. spin orbital splitting of the In4d level is too complex
to be implemented in the DFT calculations [88]. However, this effect has a strong influence
on the actual peak shape as visible in the He II spectrum, where the contributions from the
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In4d3/2 and In4d5/2 electrons are clearly separated.
The comparison of the calculated unoccupied electron states is more complicated, since the
structures in the secondary electron signal are partially only visible as weak shoulders. Nev-
ertheless, features with an energy of 5.6 eV, 7.2 eV, 9.3 eV and 11.2 eV above EF could be
identified in the measurement. These states do not agree very well with the position of the
electronic states in the above plotted theoretical data in Fig. 3.12. A direct comparison is
difficult, since the aspects of not detecting all electron states from the whole Brillouin zone
plays an important role in that case. Therefore, the calculated energy states at the Γ-point
are included in addition. It seems that a qualitative agreement could be achieved if one
regards the states in the measurement to be shifted to higher energy values by about 1 eV.
A comparable shift between the theoretical data and experimental results was also found in
XAS/XES experiments and was there assigned to final state effects, such as the measured
electron is bound in an exciton [85]. Final state relaxation effects due to the formation of
core-holes can indeed cause a shift of the measured energy values of core electrons in PES.
However, for the process of scattering of slow electrons into unoccupied states above EV ac,
such a strong shift is not expected. Since possible explanations are only speculative, it has
to be stated that the difference between the calculated DOS of unoccupied states and the
measurements from photon-induced secondary electron emission are not well understood at
the moment, but matter of further investigations.

3.6.2 InN(0001)-(2×2) and -(
√

3×
√

3)R30◦ surface states

Adequate procedures to prepare well ordered and stoichiometric InN surfaces are rather
rare. Most of the studies of the InN electronic structure are performed on samples with
a (1×1) diffraction pattern. On the other hand, documented surface reconstructions of
In-polarity InN are limited to in-situ RHEED measurements during growth. So far a
(
√

3×
√

3)R30◦ reconstruction has been reported to exist on InN(0001) [89, 52]. From ion
scattering and PES measurements it was concluded that this reconstruction is related to
the formation of metallic indium adlayers at the InN(0001) surface due to In-rich growth
conditions. Indeed, the formation of In-adlayers has also been predicted by density func-
tional theory calculations to be stable in that case [75, 72].
For the experiments performed on InN(0001), two surface reconstruction could be detected
for specially adapted preparation conditions. Fig. 3.13 contains the RHEED patterns along
the [1120] and [1100] directions for these two cases. The two top images represent the
already mentioned (2×2) superstructure with half order streaks in both directions. This
reconstruction was observed for the optimized In/N flux ratio at the following growth
parameters: pnitrogen = 3×10-5 mbar, P= 350W, Tgrowth =440◦C. For experiments that
aimed the achievement of slightly higher growth rates, different growth conditions were
chosen. Since the growth rate of the used MBE system is mainly restricted by the low
nitrogen flux, the parameters of the plasma source were set to higher, but still stable condi-
tions (pnitrogen =7×10-5 mbar, P= 450 W) in order to achieve the maximum flux of reactive
nitrogen towards the surface. At the same time, a slightly higher growth temperature of
450◦C had been chosen. The growth parameters were adjusted in order to obtain stoichio-
metric InN surfaces as judged from XPS and UPS measurements following the same routine
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Fig. 3.13: RHEED patterns along the [1120] and [1100] direction and geometric atom arrangement
of InN(0001) surfaces with (2×2) and (

√
3 ×

√
3)R30◦ reconstruction. The adatoms (green) are

shown for the case of being located at T4-sites.

as discussed in Sect. 3.4. In that way, a higher In-flux could be used, resulting in a higher
but still fairly low growth rate of ∼ 40 nm/h, which is also the maximum value that has
been realized in comparison for the deposition of GaN in this system [90].
The RHEED patterns at the bottom of Fig. 3.13 represent the corresponding structure af-
ter optimization of the flux ratio under these conditions. The aspect that the extra third
order streaks are only observed along the [1100] direction, defines the diffraction pattern
to be caused by the existence of a (

√
3×

√
3)R30◦ superstructure, which has already been

reported at InN(0001) surfaces [89, 52]. On the other hand, the found (2×2) superstructure
has not been reported to be experimentally observed so far.
Implementing DFT-calculations, D. Segev and C.G. Van de Walle have calculated the sta-
ble surface modifications of GaN and InN for different surface orientations. For In-polarity
c-plane InN a (2×2) reconstruction is predicted to be the most stable configuration for a
moderate In/N ratio. In this case the reconstruction is induced by In-adatoms located at
T4 sites on top of the crystal lattice [72]. With increasing In flux, the stable configuration
changes to the formation of a In-bilayer according to their calculations. Unfortunately, a
(
√

3×
√

3)R30◦ structure was not regarded in these DFT studies. However, since the amount
of indium adatoms increases monotonously following the route (2×2) → (

√
3×

√
3)R30◦ →

In-bilayer, it could be possible that the (
√

3 ×
√

3)R30◦ structure is formed under certain
experimental conditions with medium In/N flux ratio.
The formation of surface superstructures is typically accompanied by the existence of dis-
tinct electronic states in the valence band as well as across the gap region of the material.
Such surface states can have great influence on the surface and interface properties and are
e.g. of importance for pinning the Fermi level. Since the sheet electron concentration of the
quasi-free electrons at the dangling bonds of the adatoms can be as high as 1015 cm-2, these
states can strongly influence the properties of surfaces and interfaces. For example, the sur-
face is thought to be the main source of electrons for the channel in high electron mobility
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transistors. Possible electronic states originating from surface atoms can be found in the
valence band spectra of the differently prepared surfaces. A comparison of the measured
spectra obtained using He I radiation (hν = 21.2 eV) is given in Fig. 3.14 for surfaces with a
(2×2) or (

√
3 ×

√
3)R30◦ reconstruction as well as after preparation at In-rich conditions.

Most noticeably are the features found in the emission close to the Fermi level EF . For all
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Fig. 3.14: Valence band photoemission spectra of InN samples with (2×2) and (
√

3×
√

3)R30◦ sur-
face reconstruction as well as indium-rich grown InN measured using He I (hν =21.2 eV) radiation.
The inset shows a magnification of the emission close to the Fermi level.

three cases, a remarkable electron emission is found up to EF . On the other hand it has
to be pointed out that for far less surface sensitive PES measurements with AlKα, only in
the case of In-rich growth conditions, a signal is detected up to EF (see Fig. 3.7). For the
other two cases, which have been prepared under stoichiometric conditions, the emission
breaks down at the valence band edge. This finding is also in contrast to published data
on AHC cleaned InN surfaces, where a strong signal from emission up to the Fermi level
is discussed as the existence of indium adlayers at the surface [52]. Possibly, the accumu-
lation of metallic indium in that case might come from the atomic hydrogen etching itself.
Nevertheless, in the case of the indium-induced (2×2) and (

√
3×

√
3)R30◦ reconstructions

discussed here, an excess of metallic indium, forming several In-layers, can be excluded.
For samples with (2×2) superstructure, an interesting feature is found in the UPS mea-
surement. The typical valence band distribution is found for all InN samples with a VBM
at 1.55 eV (extrapolated from the XPS measurements). The signal drops strongly at the
valence band edge and exhibits a strong rise into a peak close to the Fermi edge. This
distribution of the density of states is unusual and is an indication for the existence of a
surface state directly located at EF . In contrast, for In-rich surfaces, a shift of the VBM
by ∼ 0.25 eV is found, but the spectrum is flat when approaching EF .
These experimental results can be directly compared to the available DFT-data. The calcu-
lated DOS of bulk and surface states for the predicted stable conditions of a (2×2) structure
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for moderate In/N ratio and the In-bilayer configuration for In-rich conditions are presented
in Fig. 3.15. In the case of the (2×2)InT4 structure, the bonds between the In adatoms and
the three surface atoms result in the existence of occupied states inside the conduction
band that pin the Fermi level ∼ 0.6 eV above the CBM according to the calculations. This
behavior was predicted to be one microscopic origin of the intrinsic electron accumulation
at InN(0001) surfaces [61, 62]. The dangling bond of the In adatoms result in unoccupied
states at even higher energy inside the conduction band (see Fig. 3.15). In contrast, for the
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Fig. 3.15: Bulk and surface density of states for InN(0001) with an indium-induced (2×2) recon-
struction (top) and in In-bilayer configuration (bottom) calculated using density functional theory
(data from D. Segev and C.G. Van de Walle [61]).

existence of an In-bilayer at the surface, no sharp surface state is predicted. In this case
the In-In bonding and dangling-bond strongly interact, leading to a large energy dispersion
within the band gap. This is reflected in the DOS shown at the bottom of Fig. 3.15. The
cations in the bilayer form relatively strong metallic bonds within the plane and between
the two adlayers, and the Fermi level is located at ∼ 0.7 eV above the CBM. Inspection of
the charge density distribution for states around the Fermi level shows them to be localized
on In-In bonds within the underlying In adlayer, with some admixture of dangling bonds
on the upper adlayer [61, 62].
The qualitative statements from the theoretical calculations agree very well with the ex-
perimental results and can give a very good explanation for the observed differences upon
growth at stoichiometric or In-rich conditions. However, a shift of ∼ 250 meV of the InN
valence band and core level states towards the Fermi level was experimentally found for
In-rich conditions, which is not predicted by the DFT-calculations.
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For the experimentally observed (
√

3×
√

3)R30◦ reconstruction, distinct states are found at
other energy values. As can bee seen in Fig. 3.14, a strong peak is detected 0.75 eV below
EF . For that case no theoretical calculations on surface states are available at present, but
it is anticipated that the detected feature is most likely also related to the In-In bonds of
the adatoms to the three In surface atoms. Due to the higher adatom density and different
arrangement compared to the (2×2) structure, they might be slightly shifted in energy.
There is a second feature around 1.6 eV visible as a slight shoulder in the spectrum (green)
compared to the other cases. Whether this is caused by a second surface state or is rather
related to the bulk valence band emission cannot be clarified at the moment. However, it
is believed that the (

√
3 ×

√
3)R30◦ superstructure is directly formed on top of the last

plane of indium atoms for the surface preparation used in this case. For the here presented
results, the spectral signatures in all measured XPS and UPS spectra disagree with the
proposed 3 layers of metallic indium forming the (

√
3 ×

√
3)R30◦ reconstruction, as has

been suggested for AHC treated films [91].
Since the experimental results for the InN(0001) surfaces agree very well with the predic-
tions from DFT-calculations, one important perspective has to be mentioned. Evidence
for the existence of an electron accumulation layer at nonpolar surfaces [63, 64] has been
already experimentally found, which is also predicted from theory for In-rich growth con-
ditions. On the other hand, in the cases of m- or a-plane oriented InN films produced at
moderate In/N ratio, there is a chance that occupied electron states are absent inside the
conduction band and hence electron accumulation might not occur in this case according to
theoretical predictions [61, 62]. Whether this aspect can also be experimentally confirmed
will be the subject of upcoming studies in the near future. Nevertheless, this might be dif-
ficult since other donor-type electron states, preferably related to crystal imperfections or
impurities can also act as electron source and can emit their electrons into the conduction
band due to the unusual location of the branch point energy in InN [60].

3.6.3 Interaction of InN(0001) with oxygen

Besides the knowledge of the electronic properties of clean surfaces, changes upon interac-
tion with other atoms and/or molecules are of great importance. Mainly, the initial stages
of surface modification play the most important role. First experiments were initiated to
study the oxidation of InN(0001) surfaces using well defined starting conditions. As-grown
InN films were exposed to different amounts of molecular oxygen. Upon exposure to 250 L
during in-situ measurements in the surface analysis chamber, only slight changes were de-
tected. Therefore, a significantly higher oxygen exposure was realized by venting the load
lock chamber with pure oxygen while the sample was stored therein. Fig. 3.16 summarizes
the results of the characterization of the valence band states upon interaction with O2. Two
structures appear in the valence band at 5.2 and 10.3 eV. This supports the interpretation
of the results discussed in an earlier publication [65], where the spectral features could not
be separated into oxygen states and hydrocarbon related structures. Hence, impurity-free
preconditions allow a doubtless assignment of these features to oxygen adsorbates. As will
be shown in the next chapter, the same adsorbate-induced states are found for the interac-
tion of indium oxide surfaces with oxygen-containing molecules, such as O2, O3 and H2O.
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Fig. 3.16: Changes in valence band spectra of InN(0001) upon interaction with O2. The measure-
ments were performed using He I and He II radiation.

It is believed that the adsorption of oxygen takes place by a dissociation of the O2 molecule
and bonding of atomic oxygen at indium atoms.
Theoretical studies on the energy dependence of different adsorption sites are rarely re-
ported. For the InN(0001) surface, calculations predict the T4 site to be the most stable
for adsorption of oxygen or carbon [92]. Unfortunately, no reports can be found for In-
polarity InN.
As a second aspect, exposure of the clean InN surfaces to oxygen leads to the vanishing
of the emission due to the surface states close to the Fermi edge as well as the surface
reconstruction. Hence, the initial adsorption of oxygen atoms is linked to the reaction at
the In-adatoms. Surprisingly, the interaction with oxygen has only minor influence on the
energetic position of the valence band maximum and the core level states as well as the
work function of the sample (φ increases by 0.1 eV). Furthermore only a minor influence of
the interaction with O2 on the core levels is detected.
Finally it can be stated, that the sample quality achieved is suitable for surface reac-
tion studies which have been preliminary demonstrated for the case of oxygen interaction.
Possible further measurements will address the interaction with other oxygen-containing
molecules (for example water) or organic molecules as well as alkali metals. Of further
relevance will be studies on the electronic band alignment properties of InN interfaces with
possible gate materials for transistor applications, e.g. the In2O3/InN interface.
In further measurements, a strong oxidation by reaction of the InN surfaces with ozone was
observed. Investigation of the surfaces properties on InN samples that were exposed to O3

has so far only been possible on contaminated samples. However, the formation of a thin
indium oxide layer could be detected which results in the variation of the electron transport
properties in the material. The details and results of these experiments are published in
[93] and will not be discussed in detail here.
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In summary, implementation of in-situ surface analyses of InN thin films has been realized
for the first time. Although, the thermodynamic properties of the In-N system are not very
suitable for MBE growth and subsequent surface analysis, since better crystalline quality
is typically achieved at In-rich conditions, a sufficient sample quality of the thin InN films
was attained. The influences of different growth parameters on the surface composition
and possible excess atoms was studied without having disturbing contribution from expo-
sure of the samples to ambient conditions. By the successful preparation of stoichiometric
and contamination-free surfaces, it was possible to study the electronic properties of InN
including the consequences of stable surface reconstructions on electronic states above the
valence band maximum. Surface states were found to exist for the observed (2×2) and
(
√

3 ×
√

3)R30◦ reconstructions of In-polarity InN films. From this starting base, many
interesting aspects can be studied in future experiments. For example, the interaction with
reactive species has been demonstrated by preliminary oxidation experiments.
Nevertheless, it is important to note that the interpretation of the experimental data is
only possible with a strong support from theoretical calculations. So far, only a few works
on pure InN surfaces are available and especially data for the interaction with adsorbates
is missing.
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Chapter 4

Surface properties and ozone

interaction of indium oxide films

grown by MOCVD

4.1 Indium oxide - an ozone sensitive material at room tem-

perature

Metal oxide films are widely used for sensor applications to measure the concentration of
environmental and hazardous gases. Both, oxidizing and reducing species can be detected
depending on the properties of the used material and the actual operation conditions [94].
One important class of these sensors is based on the variation of the film conductivity upon
interaction with atoms or molecules. Prominent representatives of this group of materials
are transparent conductive oxides (TCOs) such as SnO2, ZnO, TiO2 and In2O3, which be-
long to the wide band gap materials. Typically the changes in conductivity upon oxidation
or reduction can have two different contributions: i) change of the bulk carrier concentra-
tion by formation or annihilation of intrinsic dopants and ii) variation of the surface band
bending induced by chemisorption of surface species or reaction of gases with adsorbed
species [95]. The surface band bending changes result in the alteration of the charge carrier
profile at the surface and induce the formation of energy barriers at grain boundaries in
polycrystalline materials. The complex connections between material properties, device
related technological aspects and the gas interaction processes are composed in a compre-
hensive overview article on metal oxide based gas sensors [96].
The capability of indium oxide films to detect ozone has already been reported in the 80’s
[94]. Since then, many different approaches have been followed to tailor the material prop-
erties by different synthesis methods, such as RF sputtering or sol-gel processes to improve
the sensitivity of the films towards O3 [97, 98, 99, 100]. Of special importance for this
purpose is the realization of defect-rich In2O3−x films with a high concentration of oxygen
vacancies. It has been found that especially indium oxide nanoparticles and nanowires pos-
sess a very high sensitivity for the detection of ozone.
Most solid gas sensors require temperatures between 200 and 600◦C in order to reach their
optimal performance. This is normally realized by passive heating of the sensor device or by
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current induced self-heating during operation. Both principles rely on a relatively high en-
ergy consumption since electric power is required for heating. On the other hand, In2O3−x

films can be implemented in ozone sensors operating at room temperature [98, 100]. This
makes indium oxide based gas sensors very promising for the realization of low energy-
consumption and low-cost devices. The regeneration of the material after oxidation is in
this case not engendered by thermal desorption, but realized by illumination of the active
sensor area by UV light from a LED. The straightforward layout of such a sensor structure
is demonstrated in Fig. 4.1. The O3 concentration is determined via measurement of the
increase in film resistance upon ozone-induced oxidation of the In2O3−x layer. For thin
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Fig. 4.1: Room temperature ozone detectors based on polycrystalline indium oxide. (left image:
schematic of the sensor layout, right image: dependence of the film resistance on the ozone con-
centration and illumination with UV light for a ∼ 80 nm nanoparticle layer grown at a substrate
temperature of 200◦C (data from Ch.Y. Wang [100]).

nanocrystalline indium oxide films prepared by MOCVD, ozone concentrations as low as 15
parts per billion (ppb) can be detected [100]. The signal response at room temperature to
different concentrations of O3 is exemplarily depicted in the right part of Fig. 4.1. A device
sensitivity (Rozone/RUV ) > 105 could be realized and the response time was as low as 1 s for
10 nm thick films. The film resistance can be reproducibly regenerated by the illumination
with UV light. This is one key aspect for practical use in reliable and long-term stable ozone
sensors. Furthermore, the operation at room temperature assures a low interference from
reducing gases and hence low cross-sensitivity. Nevertheless, for operation temperatures
above 150◦C, In2O3−x films have been found to be also sensitive to other gases such as H2,
NOx, CO, NH3, CH4 and C2H5OH [101, 102, 103, 104, 105].
The surface properties of different metal oxides as well as adsorption of many atomic and
molecular reactive species have already been extensively studied during the last decades
[106, 107]. Among the variety of the many functional metal oxides, TiO2 is one of the in
most detail investigated material [108]. It is generally accepted that TiO2 is more bulk
sensitive, i.e. it exhibits conductivity changes due to variations in intrinsic dopants as a
consequence of the formation of oxygen vacancies and Ti interstitials, while SnO2 and ZnO
are considered as surface sensitive materials. In the case of surface sensitive oxides for
the detection of oxidizing and reducing gases, the adsorption of charged surface oxygen
species plays a central role [95]. Most of the known surface investigations of In2O3 have
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concentrated on tin-doped material with a very high electron concentration. However, in
the case of pure indium oxide, without additional dopants, available information on the
surface electronic structure investigated by photoelectron spectroscopy are restricted to a
few publications. First studies on the interaction with adsorbates like O3, O2, H2O and
CO are reported [109, 110, 111, 97].
In a collaboration aiming to develop inexpensive integrated ozone sensors based on indium
oxide thin films prepared by MOCVD, photoelectron spectroscopy analyses were performed
in order to characterize the surface chemical and electronic properties of these films depend-
ing on different preparation conditions. The underlying sensor principle based on ozone
oxidation and UV reduction is investigated by O3 adsorption/desorption experiments and
possible disturbing influences by contact to ambient species, such as oxygen and water are
analyzed.

4.2 Valence band structure and electronic properties of dif-

ferent In2O3 polymorphs

Indium oxide films or particles prepared by different preparation methods, such as physical
or chemical vapor deposition or by chemical synthesis, are commonly formed in the thermo-
dynamic stable body-centered cubic crystal structure (bcc-In2O3, a = 10.118 Å) in bixbyite
configuration. This structure has been reported to exist in two configurations: SG199
and SG206 with different space groups I213 and Ia3̄, respectively [112]. However, density
functional theory (DFT) calculations predict only the SG206 to be a stable modification
[113, 114]. In bixbyite In2O3, the primitive unit cell consists of 40 atoms corresponding to
8 In2O3 units. Recently, it has been found that corundum type In2O3, which is normally
specified to be the high pressure phase, can be grown in a MOCVD reactor at fairly low
pressure and temperature [115]. This polymorph (SG167, space group R3̄c) has a rhombo-
hedral unit cell (rh-In2O3, a= 5.478 Å, c = 14.51 Å) where the In atoms are surrounded by
oxygen in a trigonal biprism [114].
While both types are chemically identical, it has been experimentally observed that rhom-
bohedral and cubic In2O3 thin films deposited by MOCVD exhibit distinct differences in
their optical properties. From the extrapolation of the absorption edge, typically an optical
band gap of ∼ 3.6 eV is extracted for bcc-In2O3 while the onset of absorption for rh-In2O3

was found at much lower energies of ∼ 3.0 eV [115]. Although the band gap of indium oxide
was believed to lie between 3.6 and 3.7 eV for many years, indications for the existence of
an indirect gap around 2.1 eV were reported [116]. On the other hand, recent experimental
and theoretical studies state that the band gap of indium oxide is of direct type, but the
commonly accepted band gap value of bcc-In2O3 is too high and suggest a value in the
range of 2.9 - 3.1 eV [114, 117]. This uncertainty has also some influence upon the models
that describe the band alignment at In2O3 surfaces. Hence, the commonly accepted picture
of the existence of a depletion layer at the indium oxide surface has to be questioned. This
aspect will be examined in detail in the following analysis of the valence band measure-
ments.
The investigation of the surface chemical properties and electronic structure of In2O3 films
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with bcc and rhombohedral crystal structure has been performed on three samples (see
Fig. 4.2) that have been prepared by MOCVD on different substrates using tailored deposi-
tion parameters. All samples were grown by Ch. Y. Wang from the Nanotechnology group
at TU Ilmenau in a horizontal MOCVD reactor (AIXTRON 200) using trimethylindium
(In(CH3)3) and H2O as precursors and N2 as carrier gas. A phase diagram for MOCVD
growth of indium oxide including the dependence of the crystal structure on the growth
conditions such as substrate temperature and In(CH3)3 flow rate is documented in [115].

z-scale:  250 nm                            z-scale: 8.2 nm                          z-scale: 245 nm2
x2 2 µm 2

x1 1 µm 2
x2 2 µm

bcc-In O (001)2 3                      bcc-In O (111)  2 3                    rh-In O (0001)2 3

  F-scale:  7.5 nN                           F-scale:  1.1 nN                          F-scale:  4.5 nN2
x2 2 µm 2

x1 1 µm 2
x2 2 µm

Fig. 4.2: Morphology of the bcc-In2O3(001), bcc-In2O3(111) and rh-In2O3(0001) samples measured
using contact mode atomic force microscopy. The upper images represent the topography signal
while the images at the bottom represent the force signal.

The first sample was deposited on Al2O3(0001) at a growth temperature of 600◦C, after
growth of a thin nucleation layer at 300◦C. Under these conditions, a highly textured bcc-
In2O3 film is formed with the (001) orientation aligned to the wafer normal. The growth of
single crystalline cubic indium oxide with (111) orientation has been realized by deposition
at 400◦C on a InN/GaN/Al2O3(0001) template [118]. The oxide thickness of this second
sample is ∼ 55 nm. These two bixbyite bcc-In2O3 samples are compared to a corundum
rh-In2O3 film that has been synthesized also on sapphire. For obtaining single crystalline
rh-In2O3 using MOCVD, the deposition parameters have to be modified to a higher sub-
strate temperature and a very low In(CH3)3 flow rate. The investigated sample consists of a
∼ 150 nm thick nucleation layer grown at 600◦C followed by the deposition of a ∼ 1 µm thick
indium oxide film at 300◦C. Under these experimental conditions almost pure rhombohe-
dral indium oxide can be produced with a negligible proportion of the cubic phase present
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in the films (in XRD scans the intensity ratio Irh(0006)/Ibcc(222) was found to be ∼ 1200)
[119]. The electrical properties of the indium oxide films have been characterized by Hall
measurements. The electron concentration was determined to be between 5×1018 cm-3 and
1×1019 cm-3 for all samples that have been grown between 400◦C and 600◦C.
The different sample morphology, as characterized by contact mode AFM measurements,
is presented in Fig. 4.2. All three indium oxide films consist of crystallites with different
average diameter. While the rough surface of the bcc-In2O3(001) is characterized by rectan-
gular based islands and pyramids which appear to be {111} facetted, the crystallites at the
bcc-In2O3(111) surface exhibit flat terraces and have a lateral dimension of ∼ 100 - 200 nm.
In this case, existing surface steps at the crystallite top side are clearly visible in the force
signal scan. The surface of the rh-In2O3(0001) sample consists of the largest crystallites
with a mean diameter of ∼ 1 µm. Although each island appears to be very flat, this surface
is fairly ragged exhibiting steep trenches between each crystallite. Besides the different
growth conditions it has to be mentioned that the differences in sample morphology is of
course also dependent on the different growth time and film thickness of all reference sam-
ples. Nevertheless, for the performed characterization by XPS and UPS, this parameter is
not of importance, since all films are thick enough to ensure that no substrate related signal
will affect the analysis of the surface properties. On the other hand, adsorbed molecules on
the surface disturb an accurate interpretation of the electronic properties. Therefore special
attention has been paid to reduce the amount of time which the samples have been exposed
to ambient conditions before surface characterization. Whenever possible, the wafers were,
after removal from the growth reactor, immediately cut into 8×6 mm2 large pieces, mounted
onto a sample holder and introduced into the load lock chamber of the UHV surface analysis
system. The remaining low amount of contaminants have been removed by careful Ar+ ion
bombardment or annealing up to 250◦C in 1×10-7 mbar oxygen environment.
As already pointed out, the chemical structure of both polymorphs is identical and, as a
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Fig. 4.3: In3d5/2 and O1s core level spectra of bcc-In2O3(001), bcc-In2O3(111) and rh-In2O3(0001)
measured using monochromated AlKα radiation (hν =1486.7 eV).
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consequence, no differences in the core level emission are expected from XPS measurements.
Fig. 4.3 shows a comparison of the measured In3d5/2 and O1s core level spectra which prove
that there is no evidence for any difference in the local chemical environment or surface
composition. All three samples exhibit similar spectra with symmetrical core levels and
a peak maximum of the In3d5/2 and O1s emission at 444.4 eV and 530.0 eV, respectively,
which can be ascribed to the indium and oxygen atoms in the crystal lattice. It has to be
mentioned that neither C1s related emission (not shown) nor the typical adsorbate-related
structure in the O1s signal around 532 eV were detected. This is a prerequisite for the
analysis of the valence band photoemission spectra shown in Fig. 4.4, especially when UV
radiation is used for the generation of electrons. The spectra represent the valence electron
emission measured using different excitation sources for the generation of He I, He II and
monochromated AlKα radiation, respectively.
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Fig. 4.4: Valence band photoelectron spectra of bcc-In2O3(001), bcc-In2O3(111) and rh-
In2O3(0001) measured using He I (hν =21.2 eV), He II (hν =40.8 eV) and monochromated AlKα

(hν =1486.7 eV) radiation.

Comparing the three different samples, it has to be mentioned that the characteristic emis-
sion features agree well with the results of earlier studies on the surface electronic properties
of In2O3 [109] and DFT calculations of the bulk DOS [120, 114]. According to these works,
the valence band features are mainly comprised of O2p states. Pronounced structures in the
VB are found at 4.4, 6.8 and 8.7 eV (indicated by arrows in Fig. 4.4). The (001)-oriented
sample exhibits a fairly flat valence band, while in the other two cases, the emission at the
valence band onset leads to a sharp peak, comparable to the calculated DOS [120, 114].
This observation is believed to be related to orientational effects in the photoemission yield
rather than being caused by different chemical bonds, since no modification of the chemical
composition was found in the XPS measurements and a similar flat valence band distribu-
tion has already been reported for d.c. sputter deposited films [121].
For all three investigated indium oxide films, the shallow In4d core level is found at a bind-
ing energy of 18.2 eV (not shown here). Furthermore, the work function was determined to
be ∼ 4.2 eV and the extrapolation of the valence band trailing edge gives a VBM of 3.1 eV.
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The energetic position of the valence band maximum with respect to the Fermi level has also
been reported in earlier works to lie around 3 eV [109, 122]. As already explained for the
InN measurements, the measured value EF - VBM is mainly determined by two parameters:
i) the energetic position of the bulk Fermi level and ii) the band bending at the surface.
Since In2O3 is a degenerate semiconductor, the Fermi level is located inside the conduction
band and the occupation of the conduction states is dependent on the carrier concentration
inside the film. According to recent band structure calculations, for an electron concen-
tration in the range between 5×1018 cm-3 and 1×1019 cm-3, which is present in the films
investigated here, the bulk Fermi level is located ∼ 50 - 70meV above the conduction band
minimum [114]. Under the assumption of a band gap of 3.6 eV, photoelectron spectroscopy
indicates a strong upward band bending, as discussed in [123]. However, this model does
not agree very well with the observed variation of the conductivity of these films upon
oxidation and reduction of indium oxide sensor surfaces. This discrepancy led, for exam-
ple, to the proposal of a modified band gap at reduced In2O3 surfaces [111]. The recently
discussed lower band gap value of 2.9 - 3.1 eV would describe the electrical characteristics
of the films much better. The band alignment at the In2O3 surface for these three different
band gap values is schematically plotted in Fig. 4.5. In contrast to the strong upward band
bending in the case of Eg = 3.6 eV, for the experimentally determined distance between EF

and the surface VBM, almost flat band conditions would result for a band gap around 3 eV.
Depending on the exact value, slight upward or downward band bending of about 100 meV
would result. A final picture cannot be developed for the band alignment at the In2O3

surface at the moment since too many uncertainties are still existing in the experimental
results as well as in the theoretical calculations. Nevertheless, a scenario with almost flat
band conditions is more favorable.

CBM
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VBM
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 e
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(E -CBM) ~ 50 meVF   

3.6 eV
3.1 eV 2.9 eV

Fig. 4.5: Model of the band alignment at In2O3 surface depending on different band gap energies
of 3.6, 3.1 or 2.9 eV. The left scenario corresponds to the common picture of strong upward band
bending [123], while in the case that the real band gap is around 3 eV [114, 117], an almost flat
band distribution would result.

The characteristics of the three different stoichiometric and crystalline indium oxide samples
presented above are the reference for a subsequent analysis of the surface properties of
nanocrystalline In2O3−x films prepared by MOCVD at very low temperatures discussed
in the next section. As will be shown below, the high sensitivity of these films towards
ozone is related to differences in the indium oxide crystallite size as well as in the surface
composition of the material.
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4.3 Non-stoichiometry and defect states in In2O3 films grown

by MOCVD at low temperatures

Upon a detailed study of the ozone sensing characteristics of polycrystalline indium oxide
thin films prepared by MOCVD, it was established that the ozone detection efficiency is
strongly dependent on the growth temperature used. For films prepared at temperatures as
low as 200◦C, a sensitivity of up to 105 was observed for an ozone concentration of ∼ 10 ppm
and a remarkably low response time of ∼ 1 s could be achieved for 10 nm thick films. By
implementing these films into sensor devices, it was possible to reduce the detection limit
to around 15 ppb O3 [100]. The ozone sensitivity dependence of the indium oxide films is
mainly caused by two reasons. First, there is a strong relation between the indium oxide
particle size and the used deposition temperature. As demonstrated in Fig. 4.2, for growth
temperatures above 400◦C, the crystallites have an average diameter of a few hundred nm.
Upon reducing the growth temperature, the particle size is strongly decreased, approaching
a value of 7 - 8 nm around 200◦C. The typical crystal structure of such an indium oxide film
grown at 200◦C (this type of sample is subsequently denoted “LT-InOx”) is presented in
Fig. 4.6. On the left side, a transmission electron micrograph of a LT-InOx/Al2O3 interface
is shown, indicating the existence of a closed film of single crystallites with a diameter of

2
x2 2 µm   z-scale:  7.5 nN                             z-sale:  1.1 nN                          F-scale:  5.6 nN

z-scale:  250 nm                             z-sale: 8.2 nm                          z-scale: 16.5 nm2
x2 2 µm

2
x1 1 µm

2
x1 1 µm

2
x1 1 µm

2
x1 1 µm

30 nm

Fig. 4.6: Crystal structure and surface topography of nanocrystalline indium oxide grown by
MOCVD at 200◦C. Left picture: TEM (transmission electron microscopy) image and SAED (se-
lected area electron diffraction) pattern (inset) of the nanoparticles [100]. The small grain size is
also observed in contact AFM measurements (picture on the right).
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less than 10 nm [100]. On the right side of the figure, corresponding atomic force micro-
graphs are presented. Due to the low substrate temperature, the chemical reactions are
inhibited, the adsorption/desorption ratio of molecules of the gas phase is strongly modified
and especially the low diffusion rate of atoms and molecules at the surface of the formed
nuclei leads to the formation of only small particles, while the resulting grain size at higher
temperatures is much larger. The porous nanocrystalline character of these LT-InOx films
is clearly visible and is one reason for the observed high ozone sensitivity. It is strongly
enhanced by the fact that the active surface, where the reaction with ozone takes place,
is strongly increased. However, as will be discussed in the following, the nanocrystalline
structure of these LT-InOx films is not the only difference compared to conventional In2O3

films.
The surface stoichiometry of these films was characterized by X-ray photoelectron spec-
troscopy measurements. Differences in the chemical composition can be deduced from the
comparison of results from LT-InOx samples with the measurements of conventional In2O3

films as presented in Figs. 4.7 and 4.8. All electron states shift by 0.2 eV towards higher
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Fig. 4.7: Comparison of the In3d and O1s core level spectra between crystalline In2O3 grown above
400◦C and nanocrystalline LT-InOx deposited at 200◦C.

binding energy. An explanation for this observation will be discussed below together with
the changes in the valence band emission. The most prominent difference of LT-InOx is the
drastically reduced amount of oxygen at the surface compared to stoichiometric In2O3 films
grown at higher temperatures. From analysis of the peak area ratio of the single electron
core level contributions it was determined that the oxygen content is reduced to ∼ 67%,
which corresponds to a 1:1 proportion of indium and oxygen at the surface. Therefore,
it can be concluded that the very low deposition temperature leads to a highly oxygen-
deficient and sub-stoichiometric material.
A similar result has been found for nanocrystalline indium oxide prepared by spray pyrol-
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ysis [124]. In this publication, the authors explain the oxygen deficiency by the instability
of certain oxygen bonds at the (100) surface which leads to a release of oxygen, forming an
energetically stable lattice with oxygen vacancies. Hence, unsaturated In ions are expected
to serve as the surface sites for the chemisorption of oxygen and water related species.
Further experimental evidence for the oxygen deficiency can be found in the location of the
plasmon loss structure in the In3d signal. For In2O3, the loss structure is found at 18.8 eV,
while for the LT-InOx films it is shifted to 14.3 eV (see Fig. 4.7). Enhanced excitation of
surface plasmons it not believed to be the reason for this shift, but rather the differences
in the In/O ratio. In comparison, for other indium compounds with 1:1 composition, the
bulk plasmon energy is also found at lower values, for example at 15.6 eV for InN [50] and
at 15.1 eV for InP [125].
It is anticipated that the used precursors, H2O and trimethylindium (In(CH3)3), are not
efficiently converted into In2O3 and CH4 at these low growth temperatures, resulting in a
high amount of missing oxygen. At the same time, intermediate cracking products might be
formed. This presumption is supported by the observation that a huge amount of carbon
(∼ 25 at.%) is found at the surface of the LT-InOx films after deposition. Fig. 4.8 contains
a compilation of C1s spectra from different indium oxide films in order to distinguish be-
tween chemical states that are formed during growth and contamination related features
which result from contact to ambient conditions. The gray spectrum represents the case of
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Fig. 4.8: Carbon impurities at In2O3 surfaces depending on preparation conditions.

a conventional In2O3 sample that has been stored in air with the typical carbon impurities.
The features observed at 285.2 eV and around 289 eV are typically found for organic hydro-
carbon adsorbates [126] and correspond to C–CHx and C=O bonds, respectively. For the
as-grown LT-InOx films (red spectrum), these structures are absent, but instead a highly
asymmetric peak is detected with a maximum intensity at 283.9 eV. The proof that the fea-
tures at 285.2 eV and ∼ 289 eV are due to contaminants is made by the comparison with the
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C1s signal of a In2O3 film after surface cleaning by gentle Ar+ sputtering (black spectrum)
and a LT-InOx film that has been stored for about one week in air (purple spectrum). In
the latter case, the same adsorbate-related structures as for the contaminated In2O3 films
are detected, but the structure at 283.9 eV is present as well. Therefore, one would expect
that the spectral feature at 283.9 eV is caused by incorporated cracking products of the
In(CH3)3 precursor during growth at temperatures around 200◦C. The reaction balance for
the formation of In2O3 from TMI and H2O is

2 · In(CH3)3 + 3 ·H2O −→ In2O3 + 6 · CH4 (4.1)

The decomposition of TMI typically takes place by a homolytic fission of the three In-C
bonds following the pathway TMI→DMI→MMI. The cracking product monomethylindium
(MMI - InCH3) is reported to be relatively stable [127] and might be incorporated into the
film at these low temperatures. However, a chemical analysis by interpreting the binding
energy of this state is difficult since not much reference data is available. Unfortunately, no
XPS analyses of In–C bonds are reported in the literature, but typically the binding energy
of carbide compounds is 1 - 2 eV lower than the value of 283.9 eV [128], e.g. a C1s binding
energy of 282.9 eV was determined for clean SiC(0001) surfaces using the same experimental
setup. Nevertheless, possible In-CxHy components could be an explanation for this chemi-
cal state and therefore it is concluded that the very low temperature of 200◦C results in the
incorporation of weakly bound carbon material during growth that can be removed by UV
exposure of the samples as will be shown below. Since the samples exhibit so many active
sites because a high amount of oxygen is missing in the material, it is anticipated that the
carbon related species are weakly bound and saturate the active In sites at the surface of
the single grains. It is worth further mentioning that additional investigations are currently
being performed to identify the molecular structure of the incorporated species. For this
purpose XRD and IR-spectroscopy examinations are on the way. Preliminary results from
XRD measurements reveal additional diffraction peaks for as-deposited LT-InOx films that
disappear upon UV illumination [129].
The comparison of the valence band structures of conventional In2O3 and LT-InOx films is
shown in Fig. 4.9. While the valence band spectra of LT-InOx and In2O3, measured using
X-ray radiation, are similar in shape except for the enhanced emission above the valence
band edge that will be discussed on the next page, distinct differences were observed for the
more surface sensitive measurements using ultra-violet radiation. In the case of LT-InOx, a
strong peak is detected at ∼ 9 eV which is attributed to the modified chemical composition
at the surface of these single grains. Furthermore, a shift of the electron states by about
0.2 eV to higher binding energy is detected, resulting in a distance between VBM and EF of
3.3 eV for the LT-InOx films. This increase in binding energy is also found for the In3d and
O1s core levels (see Fig. 4.7) and can be explained by a shift of the Fermi level with respect
to the occupied bands. Although not possible to be measured by Hall experiments, the
internal electron concentration in these defect-rich films is believed to be higher compared
to the crystalline material. An electron concentration of about 1020 cm-3 and the associated
shift of the Fermi level inside the CB would explain the observed differences. Additionally,
for the as-grown LT-InOx samples, a higher work function of 4.4 eV is typically measured
(φ (In2O3) = 4.2 eV). This observation is in contradiction to a simple conception that the
Fermi level is only shifted inside the conduction band, which would result in a lower work
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function as has been for example reported for doped In2O3 films [122]. However, the origin
of this behaviour can have manifold reasons. It may be related to a surface dipole induced
by adsorbates, to the surface non-stoichiometry or to a change of the energetic position of
the electron states due to the nanoscopic dimensions of the indium oxide crystallites with
an average diameter of 7 - 8 nm. Strong band bending effects are normally not expected for
nanoparticles [130].
In order to study the UV photoreduction and ozone oxidation cycle, on which the principle
of operation of these LT-InOx sensors is based on, model experiments have been carried
out in the surface analysis system. In the actual sensor assembly, a LED with a wavelength
of 375 nm is used for the regeneration of the active layer after interaction with O3 (see
Fig. 4.1). In order to mimic the influence of this light source for comparable experiments in
UHV, the samples were irradiated by a mercury discharge lamp, which has a broad emission
spectrum with a cut-off photon energy of ∼ 5.0 eV (λ∼ 250 nm) [23]. The LT-InOx samples
were illuminated by light generated from this Hg lamp with or without an additional optical
filter (cut-off wavelength 360 nm) inserted into the optical path in order to remove the high
energy region of the emission spectrum.
Upon the initial illumination of the LT-InOx films with the used UV lamp, a pressure rise
was detected in the UHV chamber. This desorption from the material is accompanied by a
reduction of the carbon content as determined from the decrease of the C1s peak intensity
at 283.9 eV in the XPS measurements (not shown). Furthermore, an interesting observation
is made in the valence band measurements. Fig. 4.10 compares the electron emission signal
from a LT-InOx film before and after illumination with the Hg lamp. A broad distribution
of additional electron states occurs close to the valence band edge which has its maximum
intensity ∼ 0.5 above the VBM (3.3 eV). This feature is known for many polycrystalline
oxide materials to originate from intrinsic defects that can, for example, be generated by
harsh ion bombardment or annealing [131, 110]. Theoretical calculations on the energetic
position of defect levels inside the band gap of indium oxide predict that this feature is due
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temperatures
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Fig. 4.10: UV-induced changes of the valence band states of LT-InOx films. Defects states are
generated approximately 0.5 eV above the valence band maximum. The schematic depicts the
proposed formation of a strongly reduced crystallite surface layer with a high content of oxygen
vacancies.

to the existence of oxygen vacancies [132, 133], which is conform to the properties of other
unstoichiometric oxide surfaces, such as SnO2−x and TiO2−x. Therefore, the observation
of the defect states above the VBM in the PES spectra can be used as indicator for the
existence of oxygen defects, or more correctly In derived states (5s-5p) arising from broken
In-O bonds [111]. For each missing oxygen atom, up to two additional electrons are existing
in the material which are contributing to a higher electron concentration. In consequence,
the remaining unsaturated indium ions are very reactive and can act as centers for the
adsorption of atoms and molecules. Nevertheless, the large amount of these defect states
for the LT-InOx films after UV irradiation is surprising and points towards a high concen-
tration of reactive centers at the surface of the 7 - 8 nm large indium oxide crystallites.

Summarizing the results from the structural and spectroscopic characterization of indium
oxide films grown by MOCVD at 200◦C, the following conclusions can be drawn: Due to
the low growth temperature and hence limited diffusion of adatoms at nuclei, the crystallite
diameter is in the range of a few nanometer. These nanocrystals exhibit a strong deviation
in the surface stoichiometry compared to conventional In2O3 films. A reduction of the oxy-
gen content of - 33% was observed. It is anticipated that especially the outermost layers of
the particles consist of a high degree of oxygen vacancies resulting in the existence of excess
electrons, which are partially localized at the remaining indium atoms forming reactive de-
fect sites. The proposed scenario is schematically depicted at the right bottom of Fig. 4.10.
The existence of an oxygen deficient top layer results in a very high reaction potential of
the nanocrystal surface. During growth in the reaction chamber, the defects are decorated
with cracking products from the used In(CH3)3 that are weakly bound to the surface of
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the particles. By UV irradiation or annealing of the LT-InOx layers above 200◦C (results
not shown here), these bonds are broken and consequently the carbon species desorb from
the surface and the existing defect sites are “activated” for the interaction with other gases
such as ozone.

4.4 UV photoreduction and oxidation of LT-InOx sensor sur-

faces

In the last section, the initial properties of the LT-InOx thin films have been characterized.
In order to examine the interaction of these films with ozone, adsorption experiments have
been performed on previously UV irradiated films. Since ozone is unstable and cannot be
transferred through long gas inlet tubes, a special setup had to be used for the oxidation ex-
periments. For this, the samples were transferred into the load lock chamber (base pressure
∼ 5×10-8 mbar) which was connected to a self made ozone generator consisting of a tube
filled with pure oxygen (99.9999%) and a high intensity UV discharge lamp that induced
the ozone generation. In that way, an O3 concentration of up to 1000 ppm (0.1%) could
be realized. The load lock chamber was then flushed with this O3/O2 gas mixture several
times and in that way the indium oxide samples could be fully saturated by these oxidizing
species. In this context it has to be mentioned that the co-exposure with molecular oxygen
might lead to O2 induced changes of the surface. However, this is a minor effect and can be
neglected in the considerations here, since ozone has a much higher reactivity and provokes
the important processes related to the oxidation of the indium oxide surface. This is in
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4.4 UV photoreduction and oxidation of LT-InOx sensor surfaces

agreement with the electrical characterization, where only a minor influence of the sensor
performance on the co-existence of O2 is found. The interaction of the LT-InOx films with
O2 and further oxygen containing molecules is examined in more detail at the end of this
section.
Figs. 4.11 and 4.12 represent photoelectron spectra measured during a cycle of successive
UV-irradiation and ozone oxidation treatments of a LT-InOx sample. As already discussed,
the initial UV exposure has only influence on the C1s signal, which is reduced in combina-
tion with the formation of the oxygen vacancy related states above the VBM. When the
samples are brought into contact with ozone, distinct spectral signatures are observed. First
of all, an additional component in the O1s signal is detected at 532.1 eV. It has approx-
imately 50% of the intensity of the initial oxygen signal, which corresponds to a capture
of the initially missing ∼ 33% of oxygen. Therefore, it can be stated that the interac-
tion with O3 is very efficient to compensate the oxygen deficiency inside the material since
many of the active sites are decorated by the provided adsorbates. However, the oxygen
is not incorporated into the crystal structure forming In2O3, since the chemical bonds of
the additional oxygen have a different binding energy. The occurrence of the feature at
532.1 eV is similar to observation reported in earlier works on the interaction of ozone with
indium oxide films prepared by sol-gel methods [97, 102]. The difference between the films
prepared by sol-gel compared to the MOCVD films is that they initially already exhibit a
large amount of oxygen adsorbates before ozone interaction.
In addition to the In3d and O1s core level measurements, examinations of the valence band
structure upon O3 interaction gives further information on the adsorption process. The
emission from the defect states, which is not as pronounced in the UPS measurements com-
pared to the results from XPS (for comparison see the respective spectra after illumination
with the Hg lamp without filter in Fig. 4.10 and Fig. 4.12), is strongly reduced. Further-
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more, two features due to oxygen adsorbate related states appear in the valence band at
6.2 and 11.3 eV and the valence band maximum is shifted by 0.2 eV away from EF .
The regeneration of the sensor is implemented by illumination with UV light. PES experi-
ments on the influence of the UV irradiation after ozone oxidation show that the adsorbates
are partially desorbed, but do not completely recover the initial conditions as after growth.
As can be deduced from Figs. 4.11 and 4.12, the emission from the structures associated to
the oxygen adsorbates are only in parts reduced to about 50%. The degree of desorption
is further dependent on the used light intensity and, more critically, the wavelength. For
the measurements performed after illumination with the Hg lamp without filter, the high-
est degree of adsorbate removal is achieved. In this case, the reappearance of the defects
states in the photoelectron spectra is also stronger and the valence band edge shifts back
to the initial value of 3.3 eV. Upon the second cycle of oxidation, the same properties are
found as after the first cycle. Hence, once the sensor is initiated by UV irradiation, the
LT-InOx films can be reversibly oxidized and reduced by ozone oxidation and subsequent
UV illumination. Thus, while the initial surface configuration after deposition might not
be recoverable, the surface stoichiometry is altered within steady state conditions.
Since the ozone sensors can also be reactivated by annealing, the desorption of oxygen
adsorbates upon thermal treatment were additionally investigated. Measurements of the
valence band and In4d level during gradual increase of substrate temperature of an ozone
oxidized LT-InOx film are presented in Fig. 4.13. Initially the surface exhibits the adsor-
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Fig. 4.13: Temperature dependent desorption of ozone-induced adsorbates from LT-InOx surfaces.

bate related spectral features at 6.2 and 11.3 eV. A reduction of this emission is detected at
temperatures above 150◦C and the defect states induced emission above the VBM increases
simultaneously with oxygen desorption. Finally the adsorbates are completely removed at
temperatures above 200◦C and the valence band spectrum becomes similar to LT-InOx.
Additionally a shift of the valence states by ∼ 0.2 eV is detected (best visible in the shift of
the In4d peak maximum). In contrast to the regeneration of the surface with UV light, for
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4.4 UV photoreduction and oxidation of LT-InOx sensor surfaces

careful annealing of the films up to 200◦C, the entire amount of adsorbed oxygen is removed.
This statement can already be deduced from the comparison of the valence band spectra in
Figs. 4.12 and 4.13 and is further supported by the complete disappearance of the peak at
532.1 eV in the O1s spectrum after annealing up to 200◦C (see Fig. 4.11). Therefore, when
the indium oxide sensors are operated at higher temperatures, a certain balance between
adsorption and desorption of oxygen will occur and a decrease in sensitivity is expected.
Furthermore, the reactivity towards reducing gases, such as CO or H2, might be enhanced
and consequently cross-sensitivity effects are expected [104].
After the cycles of oxidation and subsequent photo-induced reduction, differences in the
electronic properties were found to occur on the basis of photoelectron spectroscopy mea-
surements. A small shift of the core levels is found after every surface treatment (see
Fig. 4.11). All measured binding energy values vary slightly - after oxidation the In3d and
O1s peaks are slightly shifted to higher binding energy compared to the reduced state after
UV illumination. Additionally, from the UPS measurements, a clear trend in changes of

sample EF − V BM (eV) φ (eV)

In2O3 3.1 4.2
LT-InOx 3.3 4.4

LT-InOx + O3 3.5 4.6
LT-InOx + O3 + UV 3.3 4.4

Tab. 4.1: Variation of the work function and the valence band maximum of different indium oxide
samples as a function of preparation conditions.

the VBM and work function was determined. Tab. 4.1 summarizes the different locations
of the VBM with respect to EF as well as the determined work function depending on the
different indium oxide samples and surface treatments. Upon ozone interaction, the work
function increases by 0.2 eV while the distance between Fermi level and VBM is also mea-
sured to be 0.2 eV larger. In a classical model for single crystalline surfaces, this behavior
could be interpreted in terms of an enhanced downward band bending due to accumula-
tion of additional electrons at the surface together with a surface dipole ∆φdip =0.4 eV
which is induced by the formation of oxygen adsorbates. This is schematically displayed in
Fig. 4.14. Problematic is the fact that this simple model does not agree with the changes of
the electric properties. During ozone oxidation, the indium oxide film resistance increases
strongly, which has two main influencing factors: i) the electron concentration in the films
is reduced due to localization of charge by the adsorption of oxygen atoms and ii) forma-
tion or increase of the contact barrier between single crystallites that strongly influences
the current flow through the film [96]. The measured increase in the work function of the
LT-InOx film after exposure to ozone is indeed in accordance with the electrical character-
istics. Oxygen atoms adsorb at the In defect sites of the crystallite surface and charge is
transferred from the material towards the adsorbate. The formed dipole with the negative
charge pointing away from the surface explains the increase in work function. However, the
observed shift of the valence band at the surface away from the Fermi level is contradictory
to what is expected to occur during oxidation. One would expect a depletion of electrons at
the crystallite surface since charge is removed from the particle and transferred towards the
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adsorbed oxygen atoms. Assuming a constant band gap, this leads to an upward bending
of both, the valence and conduction band at the surface. In contrast, the experimentally
observed shift of the VBM away from the Fermi energy points towards a downward bending
of the valence and conduction band due to charge accumulation at the surface or towards
a shift of the bulk Fermi level caused by an increase of electron concentration. An UV-
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Fig. 4.14: Schematic of a possible band distribution at indium oxide nanoparticles after ozone
oxidation and UV-induced photoreduction. The conduction band after oxidation is shown for the
case of a constant or variable band gap. For discussion, see text.

induced photocurrent could be an explanation for this observation, since the LT-InOx films
are known to be sensitive to UV light. However, the used photon energies of 21.2 and
40.8 eV are usually not considered to induce these effects that typically occur when films
are excited by light with an energy slightly above the band gap in order to excite electrons
into the conduction band. With the assumption that photocurrent-induced influences can
be neglected, a different interpretation of the experimental results is possible. The UPS
measurements are even more surface sensitive than the signal from XPS. Since the core
level appear not to shift as much as the VB, this would imply that most of the changes
appear in a very thin layer in the vicinity of the surface. As presented in the last section,
the nanoparticle films have a surface that is strongly reduced with a high degree of oxy-
gen vacancies. When this layer is oxidized by ozone, the stoichiometry at these particles
is strongly modified. This can also be interpreted in terms of a change of the material
properties and might lead to a different band gap at the surface. For oxidation one would
expect a higher value. As displayed in Fig. 4.14 a changed band gap value would lead to
an upward bending of the conduction band and simultaneously explain the downward shift
of the valence band. This model would lead to a depletion of carriers and to the formation
of a small energy barrier at the interface of the crystallites, since the conduction band
might be bent above the Fermi level, which explains the drastic changes of the electrical
properties (strong increase in resistance) after interaction with ozone and hence confirms
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4.4 UV photoreduction and oxidation of LT-InOx sensor surfaces

the sensor performance. This suggested model is able to correlate the experimental results
from PES measurements with the electrical characteristics of LT-InOx films. The concept
of an altered surface band gap has also been suggested by other persons [111] and explains
the experimental observations. Since the discussions presented here are only restricted to
the properties of the active layer, it should not be forgotten that many other parameters
also influence the device performance. Especially the optimization of the UV source used
as well as the properties of the metal contacts plays an important role for the resulting
sensitivity of the produced ozone detectors. Some other aspects related to environmental
influences will be discussed in the following.
The final sensor device applied in ozone detection at ambient conditions is exposed to many
external influences. Besides pollution of the material by dust, especially humidity is a fac-
tor that influences the performance of In2O3 based ozone sensors [129]. The interaction of
molecular oxygen and water with the UV reduced LT-InOx films was therefore examined in
addition. The samples were initially activated by illumination with the Hg lamp and sub-
sequently exposed to 1 bar O2 or 17 Torr H2O in the load lock chamber. Special attention
was paid to carefully evacuate the gas inlet system to assure experiments with pure gases.
Also, the gas composition was validated by QMS measurements.
The In4d and valence band spectra of the LT-InOx films after interaction with ozone,
oxygen, water, and air are compared in Fig. 4.15. It should be noted, that although the
exposure time was similar for all gases, the actual amount of molecules offered to the sample
is different for the series of measurements. The generated 1000 ppm of ozone correspond
to a partial pressure of ∼ 0.8Torr and have to be compared to 17 Torr water or 760 Torr
O2 exposure. The corresponding exposure in Langmuir (L) is indicated in the spectra.
Surprisingly, for all performed gas experiments, the most significant spectral features are
the already described structures at 6.2 and 11.3 eV. Although not at the same absolute
energy, these two structures are similar to the observed oxygen-induced adsorbate states
on InN(0001) (at 5.2 and 10.3 eV, see Fig. 3.16) with the same energy splitting of 5.1 eV.
It is anticipated that the same adsorbate is formed in both cases and the energy shift is
due to the different band structure of InN and indium oxide surfaces. Similar adsorbate
structures have also been found for the interaction of water with monocrystalline indium
oxide films [111]. This implies the capability of the indium oxide nanoparticles to react
with oxygen containing molecules. Only in the case of exposure with O2, the adsorbate
related structures are weaker pronounced and the degree of coverage is much lower, which
points towards a lower reaction rate with the LT-InOx surfaces compared to O3 or H2O.
Unfortunately, due to the complexity of the indium oxide lattice, supporting theoretical
investigations on the adsorption of oxygen at In2O3 surfaces are lacking in literature and
consequently an interpretation can only be made on the basis of the obtained experimental
results. Since the exposure to O3 and H2O leads to the same electronic states, the observed
features are not related to hydrogen. Furthermore due to the fact that O2 is rather weakly
interacting with the surface and O2 or O3 adsorbates formed by dissociation of water is very
unlikely, the adsorbate is most likely atomic oxygen. The additionally observed increase in
work function which is a results of the formation of a surface dipole, points towards the
adsorption of negatively charged oxygen atoms (O− or O2−). It is anticipated that O3 and
H2O molecules are dissociated at the surface of the oxygen deficient indium oxide parti-
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Fig. 4.15: In4d semi-core level and valence band spectra of LT-InOx films after interaction with
O3, O2 and H2O measured using He II radiation (hν =40.8 eV).

cles, negative oxygen ions bound at the defect sites and the remaining oxygen or hydrogen
remains in gas phase.

O3 → O2 (gas) + O (4.2)

H2O → H2 (gas) + O (4.3)

O + e− → O−
ads (4.4)

The unsaturated indium sites are very reactive and act as centers for the adsorption of
oxygen by transfer of electronic charge. Tentatively it is believed that the dissociated
species are bound in the form of negatively charged oxygen ions (O−). Similar conclusions
that O− is formed, have been found from electrical characterization of In2O3 ozone sensors
on the basis of O3 exposure dependent measurements of the sensor response [99, 102].
The increase in film resistance is caused by the removal of electrons from the defect rich
oxide upon adsorption of atomic oxygen that is formed due to the decomposition of ozone
[99]. However, there is one publication reporting that the formation of O− is restricted to
temperatures of 200◦C and higher, while at lower temperatures the adsorption of O−

2 is
more likely [102]. But this would imply the dissociation of two water molecules and the
subsequent diffusion and recombination of two oxygen atoms in order to form molecular
oxygen ions. The fact that atomic oxygen species are formed by dissociation of water was
also not expected before performing the experiments, because H2O typically dissociates
at metal oxide surfaces by forming OH-groups [106], which can be excluded as the reason
for the two main adsorbate states, since the energy separation of 5.1 eV is larger than
expected for OH-states [134] and the formation of OH by O3 exposure is unlikely. It has to
be mentioned that the valence band spectra in Fig. 4.15 contain two additional structures
at 9.1 and 13.4 eV (indicated in the figure) for the samples that were exposed to water
or air. These features might be related to the 3σ and 1π bonds of OH, but this has to
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be confirmed in further examinations using extremely adsorbate sensitive techniques; for
example metastable impact electron spectroscopy or high-resolution electron energy loss
spectroscopy. Nevertheless, the amount of this second adsorbate group is relatively low
compared to the dominating oxygen adsorbate states.
The results from the PES measurements allow some conclusions on the influence of ambient
gases like oxygen and water on the performance of ozone sensitivity. First, both species
interact with the indium oxide nanoparticles forming the same adsorbate species as ozone.
Especially after the exposure to H2O, the surface exhibits the same degree of coverage.
Therefore, in the presence of water due to humidity, it is expected that water molecules
occupy available adsorption sites and lead to a reduced sensitivity and response of the
indium oxide layers towards ozone compared to dry conditions. On the other side, pure
oxygen alone is not as reactive and is believed to influence the sensor performance not as
much as water. It has to be pointed out that especially the instability of ozone and its
high oxidation potential lead to a much higher reaction rate compared to other oxygen
containing molecules. Exposure dependent measurements in UHV in order to study the
reaction kinetics would be desirable, but not easy to realize since ozone molecules will most
likely decay before reaching the surface. Here one has to refer to the results from the
electrical characterization of the processed sensor films [129].







Chapter 5

Surface composition and electronic

properties of indium tin oxide and

oxynitride films

5.1 Indium tin oxynitride - transparent conductive oxide

with improved optical properties

Indium-tin-oxide (ITO) thin films are strongly degenerate semiconductor materials, since
the incorporation of tin as well as the formation of oxygen vacancies result in n-type con-
ductivity. Due to the high electron concentration and occupancy of the conduction band
states, the onset of optical absorption is typically between 3.7 eV and 4.4 eV [135, 136] de-
pending on the fabrication technique. Due to its unique properties, such as high electrical
conductivity, very high optical transmittance, high infrared reflectance, excellent hardness
and chemical inertness [137], ITO is used in optoelectronic applications where it serves as
an optical as well as contact material, in, for example, display devices, solar cells, organic
light emitting diodes, touch screens and many other optical applications [138]. Additionally,
due to the lack of p-type oxides with similar properties (wide band-gap and at the same
time high conductivity) ITO is being used in many III-V based optoelectronic devices. In
particular, for the case of solutions based on the wide band gap III-nitride compounds, ITO
has been used as ohmic contact material, e.g. on p-type GaN layers [139, 140]. Indium tin
oxide thin films are commonly deposited by reactive sputtering from an ITO target in a
reducing atmosphere or from elemental targets (In, Sn) in an oxygen atmosphere as well as
using sol-gel methods. A few years ago, it was found that the use of N2 as process gas dur-
ing magnetron sputtering of indium-tin-oxide (ITO) leads to the incorporation of nitrogen
in the ITO thin film forming indium-tin-oxynitride (ITON) [141]. In comparison to ITO
films that were deposited in a Ar plasma using identical conditions, differences in the elec-
trical and optical properties were observed [142]. Rapid thermal annealing (RTA) results
in improved optical properties due to a shift of the absorption edge to shorter wavelength.
Fig. 5.1 presents typical measurements of the optical transmission of ITO and ITON films
directly after deposition and after RTA at 800◦C. The blue shift of the onset of transmit-
tance after annealing is clearly evident. However, the improvement of optical properties
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Fig. 5.1: Influence of rapid thermal annealing on the optical transmittance of ITO and ITON films.
A typical blue shift of the absorption edge is found after rapid thermal annealing at 800◦C.

is only in parts related to the changes in carrier concentration. The larger window of
transparency in the UV-region for ITON is believed to be correlated to the incorporation
of nitrogen into the material [142]. The carrier concentration of as deposited ITON films
(nd∼ 10 19 cm-3) is more than one order of magnitude lower compared to the ITO reference
films produced in Ar plasma (nd∼ 2× 10 20 cm-3). While rapid thermal annealing has only
minor influence on the carrier concentration of ITO, a strong impact on RTA is found for
the films deposited in a nitrogen plasma. After annealing of the films at 600◦C, comparable
values of carrier concentration as for the ITO films were measured. The dependence of the
carrier concentration on annealing temperature is presented in Fig. 5.2 for a set of ITON
films deposited with different plasma power. The increase by about one order of magnitude
is typically observed at T≥ 600◦C, independent on deposition power.
In this work, an attempt is made to correlate the observed modifications of the techno-
logically relevant material properties (carrier concentration and transmittance) to studies
on the surface properties of these films (chemical composition, chemical states and work
function). Besides the fact that nitrogen is inserted into the ITON material, little is known
about how the N atoms are actually incorporated into the structure. Furthermore the lack
of knowledge about the underlying processes leading to this strong increase in carrier density
upon RTA initiated the investigation of the surface properties using electron spectroscopy.
Surface changes of ITO thin films after various treatments, like annealing [143, 144], KrF
excimer laser irradiation [145], plasma treatments (in atmospheric air [146], N2, Ar or O2

[147, 122]) and UV-ozone exposure [148] have already been reported in literature. However,
at present only little information is available for ITON films.

5.2 ITO(N) sample preparation and morphology

The supplied ITO and ITON thin films1 with a thickness of 200 - 300 nm were fabricated
by rf-sputtering (∼ 13.56MHz) in plasma containing Ar or N2, respectively. The deposition

1The samples were provided by M. Koufaki and E. Aperathitis (Microelectronics Research Group at the

Foundation for Research and Technology-HELLAS in Heraklion, Crete).
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Fig. 5.2: Influence of deposition power and annealing temperature on the electron concentration of
rf-sputtered ITON samples.

was performed at room temperature on pre-cleaned Si wafers (1 - 10 Ωcm) in a Nordiko
NS2500 system using an indium-tin-oxide target (80% In2O3 + 20% SnO2, diameter 6
inch). During this procedure the gas flow (Ar for ITO and N2 for ITON) was controlled
by mass flow controllers to maintain a total pressure of 5×10 -3 Torr in the chamber (base
pressure < 1×10 -9 Torr) [141]. The dependence of the surface chemical composition and
the electronic properties on the rf-power (150 - 550 W) was examined by X-ray and ultra-
violet photoelectron spectroscopy (XPS, UPS) as well as electron energy loss spectroscopy
(EELS). Changes upon annealing of the ITO and ITON samples were investigated after
ex-situ rapid thermal annealing (RTA) (heating ramp ∼ 45 K/s, thold =1 min, T= 400◦C,
600◦C and 800◦C) in an N2 atmosphere (flow 450 sccm). Results of the carrier density deter-
mined by Hall measurements for the samples under investigation are shown in Fig. 5.2. The
samples were analyzed directly after loading into the UHV analysis system and after gentle
sputtering with Ar+ ions (2 keV, 30 min) for the removal of surface contaminants. Special
care has been taken to avoid metal formation at the surface due to preferential sputtering
of oxygen. Additionally, in-vacuo heating of as-deposited samples combined with a mon-
itoring of the desorbing atoms and molecules using quadrupole mass spectroscopy (QMS)
was performed. For further information of the elemental distribution, Auger-electron spec-
troscopy (AES) and depth profiling measurements have been carried out in a separate UHV
system. Atomic force microscopy was implemented for the characterization of surface to-
pography and roughness of the magnetron sputtered ITO and ITON films. The results of
ITO and ITON samples deposited at 350 W are shown in Fig. 5.3. RF-sputtered ITO(N)
films exhibit a polycrystalline structure with a typical grain size in the range of 50 - 100 nm
[141]. An examination of the film morphology revealed that the roughness of the ITON
films (rms 7 - 8 nm) was almost twice as large compared to the prepared ITO (rms 3 - 4 nm).
Besides this aspect, only a minor influence of deposition power as well as post-growth rapid
thermal annealing on the surface topography was detected. The grain size as measured
by AFM and SEM remained well below 100 nm in all cases and no indication for lateral
inhomogeneity across the sample was detected. This is important for the validity of the
subsequently performed chemical analysis.
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Fig. 5.3: Atomic force micrographs of ITO and ITON films deposited by rf-sputtering at 350 W
(left column: as deposited films, right column: films after rapid thermal annealing at 600◦C in N2).

5.3 Analysis of the incorporated nitrogen in ITON

In order to characterize the elemental distribution through the films as well as the surface
chemical composition of ITON and ITO samples prepared by rf-sputtering, X-ray photo-
electron spectra and Auger-electron depth profiles have been recorded. The typical XPS
core level peaks related to the detected elements have their maximum intensity at a bind-
ing energy (BE) of 18.4 eV, 26.2 eV, 444.7 eV, 486.5 eV, and 530.2 eV for the In4d, Sn4d,
In3d5/2, Sn3d5/2, and O1s state, respectively. As expected for samples that have been
deposited using N2, nitrogen was also detected in the films. However, it is not uniformly
distributed throughout the film, but concentrated in the first 40 - 50 nm. In deeper regions
the N signal decreases below the detection limit of AES. Furthermore, for as-deposited
ITON and ITO as well as annealed ITO samples, a fairly homogeneous distribution of in-
dium, tin and oxygen through the films is found [149]. This is not the case for annealed
ITON films (see Sect. 5.4). For a quantification of the amount of inserted nitrogen, the
XPS core level spectra were fitted using Gauss-Lorentz functions, after the removal of a
Shirley-type background. The elemental proportions were calculated under the assumption
of a homogeneous distribution of all detected elements through the depth of information of
the XPS measurement, taking into account the cross section, and asymmetry parameters of
the detected spectral lines according to Yeh and Lindau [11]. In the case of film uniformity
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Fig. 5.4: Amount of incorporated nitrogen in ITON films deposited at 350W depending on subse-
quent rapid thermal annealing.

Eq. 2.10 simplifies to

Ii ∝ σi(~ω) · Li(γ, ~ω) · T (Ei) ·Ni · λm(Ei) (5.1)

The transmission function of a hemispherical electron analyzer is normally T (Ei) ∝ 1/Ei

and the IMFP of electrons can be approximated with λm(Ei) ∝
√

(Ei). This enables the
calculation of the chemical composition Ci in at.% by a summation of the sensitivity factor
corrected photoemission intensities Ii using the dominant spectral line of each detected
element (in this case In3d, Sn3d, O1s and N1s)

Ci (at.%) =
Ni∑
i Ni

(5.2)

with

Ni =
Ii ·
√

(Ei)
σi · Li

(5.3)

As deposited ITON films possess a nitrogen content of 6 - 10 at. %, which depends on
the used deposition power (see Fig. 5.4). The whole set of data recorded for the series of
samples deposited at 150, 350 and 550W is presented in Fig. 5.4. Interestingly, the maxi-
mum nitrogen incorporation is achieved at 350W, while a higher deposition power results
in a lower efficiency. Although the absolute values in the nitrogen proportion differ slightly,
a general trend upon rapid thermal annealing can be deduced. RTA at 400◦C results in
a minor reduction of the amount of incorporated nitrogen. For samples that have been
heated at 600◦C, the nitrogen signal is strongly reduced to less than one third of the initial
value. Finally, after RTA at 800◦C the amount of incorporated nitrogen is below the sensi-
tivity limit of photoelectron spectroscopy (∼ 0.1% for the used setup). Clearly, desorption
of nitrogen takes place at temperatures ≥ 600◦C.
For a detailed chemical analysis of the existing nitrogen at the surface, measurements of
the N1s electron emission of samples before and after Ar+ ion bombardment were made.
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The results of the ITON sample series prepared at 350W and annealed at different temper-
atures are presented in Fig. 5.5. In samples that have not undergone any treatment after
deposition, the nitrogen atoms are found to exist in four different chemical states located
at binding energies (BE) of 396.7 eV, 398.3 eV, 400.0 eV and ∼ 404.0 eV, respectively. The
structure at 400.0 eV is only found for directly loaded samples and can be easily removed by
the Ar+ ion bombardment procedure. These states only exist at the surface and are typical
for N-O bonds which are most likely formed due to oxidation of the samples at ambient con-
ditions. The feature at 396.7 eV is attributed to nitrogen bound to metal atoms (N-In and
N-Sn bonds). Unfortunately, the binding energy for both species is almost equal [150, 151]
and a separation between these two contributions is beyond the energy resolution of the
measurement. The third structure at 398.3 eV is found to originate from oxynitride bonds
[152], where oxygen as well as metal atoms are located in the surrounding of the nitrogen
atom (InNxOy). The peak at 404.0 eV can originate from two possible sources: a) NO2

bonds or b) unbound nitrogen incorporated into the crystal structure. Since no indication
for a NO2-related component was found in the O1s signal and the rf-sputtering process is
performed in a nitrogen plasma, this structure at 404.0 eV, in very good agreement with
a nitridation study of III-V semiconductor surfaces, is assigned to incorporated unbound
nitrogen that is formed due to the harsh deposition conditions. It is believed that this
unbound nitrogen is most likely located at interstitial sites [153, 154].
Upon RTA, besides a small reduction of the total nitrogen concentration (see Fig. 5.4), no
changes concerning the nitrogen states were observed after annealing at 400◦C. Obviously,
since the samples were exposed to ambient conditions prior to introduction to UHV, the
surfaces that have been characterized prior to ion bombardment still reveal a non-negligible
amount of N-O and oxynitride bonds. However, these features are present only due to reox-
idation of the surface and are not related to changes induced by annealing of the films. For
tracking these changes, the ion bombarded surface measurements have to be analyzed. As
already mentioned, the amount of nitrogen is strongly reduced after RTA at 600◦C. This is
mainly related to the disappearance of the structure at 404.0 eV as well as almost the entire
oxynitride component and parts from the metal-N signal, reducing the total N content to
less than 2%. Finally, the rest of the nitrogen vanished after annealing at 800◦C.
For a better analysis of the underlying desorption processes, ITON sample have also been
heated and analyzed in the UHV system. The same behavior was found for the disap-
pearance of unbound nitrogen as well as oxynitride bonds. In order to understand the
processes related to annealing of the ITON films, quadrupole mass spectroscopy (QMS)
measurements were performed during annealing under UHV conditions. The desorption of
molecules from the film as a function of temperature was analyzed in-situ during linear
increase of the sample temperature. It has to be mentioned that the used experimental
setup is not sufficient for any quantitative desorption analysis as in thermal desorption
spectroscopy (TDS), since the QMS setup geometry (see Fig. 2.1) allows only analysis of
the residual gas in the whole preparation chamber including effects of desorption from
parts of the manipulator assembly. Furthermore the heater assembly is not optimized for
guaranteeing linear ramps at high heating rates. However, qualitative information about
the temperature-induced processes can still be obtained. The most striking effect during
ramping up the temperature of a ITON sample is detected in the range between 550◦C and
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600◦C. An abrupt release of nitrogen takes place (rapid increase in signals m/e =14 and
28), while only minor desorption of N2O was measured. Furthermore, no release of NO,
NO2 or O2 was found. Any signal related to desorption of In or Sn is not expected at these
temperatures and indeed could not be detected. This qualitative experimental finding is in
very good agreement with the RTA induced changes observed in the N1s signal. Most of the
incorporated unbound nitrogen is released at a certain temperature, while the oxynitride
bonds are simultaneously broken. It should be noted that the temperature increase at the
sample during the performed annealing in the UHV chamber was rather slow with a temper-
ature ramp of ∆T/∆t∼ 15 K/min, the RTA process is much faster (∆T/∆t =45 K/s). This
leads to incomplete nitrogen removal for 1 min RTA at 600◦C. Slightly higher temperatures
(800◦C) are necessary to also remove the N-metal bonds.

5.4 Origin of the thermally induced changes in ITON films

Besides the already discussed release of nitrogen, several other impacts of rapid thermal
annealing on the surface properties were found. The left side of Fig. 5.6 shows X-ray induced
Auger-electron spectra of ITON samples which were heated at various temperatures using
rapid thermal as well as UHV annealing. The measurements include the signals from the
In(MNN), Sn(MNN) and O(KLL) transition, respectively. For the RTA process, a strong
increase in the Sn(MNN) peak intensity was observed after annealing at T≥ 600◦C. The
amount of Sn is even higher when untreated ITON samples were annealed under UHV
conditions. In this case, the signal intensity of Sn(MNN) is equal to the In(MNN) signal.
This increase of the surface tin content is a strong indication for thermally induced surface
segregation effects taking place above a certain temperature. AES depth profiles have been
measured in a separate chamber2 in order to evaluate the tin distribution within the first
layers. The right part of Fig. 5.6 shows the depth profile of the ISn(MNN)/IIn(MNN) peak
area ratio for ITON films that have been treated by RTA at different temperatures. For
untreated films and after 400◦C, a uniform Sn distribution was found through the first
20 nm of the sample with a slight linear reduction of the Sn signal from the topmost layers
into the bulk. The only difference is a slightly higher average value at 400◦C. Upon RTA
above 600◦C, this compositional distribution is strongly modified. Now, the intensity ratio
at the outermost surface is twice as high, decaying exponentially into the bulk to steady
values much lower compared to the untreated samples. This implies a strong segregation
of tin atoms from the bulk of the material towards the surface. However, this process is
not related to the formation of a separate metallic tin phase at the surface, which would
have been visible as a second component of the Sn(3d) core level in XPS. It has to be
mentioned, that although such a drastic change of the ITON surface composition is found
at T≥ 600◦C, this behavior did not occur in the case of the ITO reference samples that
have been deposited using Ar as discharge gas.

2The AES system (Thermo Microlab 350) is equipped with a high spatial resolution field emission electron

beam column and a high energy resolution hemispherical analyzer. The primary electron beam (5 keV,

14 nA) had an incidence angle of 45◦ with respect to the surface normal and sputtering was carried out by

a conventional scanned ion beam gun (Ar+ ions, 1 keV, angle of incidence 47◦). The measurements were

performed by Ch. Mauder [155].
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Fig. 5.6: Dependence of the In(MNN), Sn(MNN) and O(KLL) X-ray induced Auger-electron emis-
sion as well as the Sn/In intensity ratio depth profile on annealing temperature of ITON thin films.

The presented experimental results of the XPS, AES and QMS analysis allow some conclu-
sions on the origin of the observed changes of surface, electrical as well as optical properties
of ITON thin films with respect to the differences of ITO reference samples deposited in an
Argon plasma. The high electron concentration in indium tin oxide is caused by two fac-
tors: a) the existence of a high content of oxygen vacancies and b) the incorporation of Sn
atoms at In crystal sites leading to the effect of n-type doping [156]. The amount of existing
oxygen vacancies is mainly influenced by the deposition conditions during magnetron sput-
tering (pressure, plasma power, sample temperature). In a highly reducing atmosphere,
as used in this case for the deposition of ITO, the process conditions already result in
the formation of a high concentration of oxygen vacancies and hence in a very high elec-
tron concentration (Hall measurements reveal nd∼ 2× 1020 cm-3) right from the beginning.
Therefore, any treatment that aims to achieve a further reduction of the material, such as
RTA in nitrogen atmosphere, is not very efficient and has only a minor effect on the carrier
concentration. A totally different behavior is found when the material is sputtered from
an ITO target using N2 as the discharge gas. In this case nitrogen is incorporated into the
material. As described above, a huge amount is inserted unbound at interstitial sites [154].
Additionally, nitrogen is also incorporated in a high amount bound in the surrounding of
In, Sn and O and it is supposed that nitrogen decorates the sites where typically oxygen
atoms are missing resulting in trapping of electrons. This low amount of oxygen vacancies
leads to a noticeable lower carrier concentration in these samples (nd∼ 1019 cm-3). Since the
incorporated nitrogen is not strongly bound, it can be released by thermal treatments. An-
nealing above a critical temperature of ∼ 550◦C causes the desorption of the weakly bound
nitrogen, which is completely removed after RTA at 800◦C for 1 minute. The remaining,
previously N-decorated, sites can now act as a source for electrons, resulting in a strong
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increase of the carrier concentration of the material. In this way comparable values are
achieved as for the Ar-sputtered ITO films. The driving force for these processes is related
to the thermal instability observed for all indium-containing III-V compounds, such as InP
and InN, which results in thermal decomposition at temperatures above 450◦C [71, 157].
However, the thermally induced changes are not restricted to a simple outdiffusion of ni-
trogen. The observation that Sn is additionally segregating from the bulk to the surface
is an indicator for a rather complex rearrangement in the crystal structure. The enhanced
Sn concentration at the surface after annealing also contributes to the observed increase in
carrier concentration and could be an explanation for the differences in the transmission
properties of ITO and ITON films after RTA at 800◦C.
It has to be mentioned that thermally induced Sn segregation and enhancement of the
carrier concentration has been observed in earlier works for ITO films which were prepared
by magnetron sputtering [158] or using a sol-gel method [143]. The non-occurrence of these
effects in the investigated ITO reference samples here is believed to be due to the used
strongly reducing sputter conditions (Ar plasma). These conditions lead to a high degree
of non-stoichiometry along with the existence of a high amount of oxygen vacancies in the
material, in contrast to ITON thin films that have been produced with the same sputtering
parameters, but with nitrogen as the discharge gas.

5.5 Surface electronic properties of ITON

Analysis of the peak shape of the detected electron core level spectra (In3d, Sn3d and O1s)
provides information about distinct changes in the surface electronic structure between the
different samples. The as-prepared ITON films exhibit narrow and totally symmetric peaks
in XPS, while after annealing at T≥ 600◦C the structures are broadened and become asym-
metric at the high binding energy side. A representative comparison of the two different
peak shapes is presented for the In3d5/2 core level in Fig. 5.7. The changes in the O1s and
Sn3d5/2 signals are found to be identical. The asymmetry of the core levels has already
been observed for ITO thin films in previous studies [143, 122, 159]. However, there is a
controversy about the origin of this structure. It is known that the high conductivity of
ITO films is a result of two factors: a) the doping effect of the incorporated Sn atoms and b)
the formation of oxygen vacancies which both act as donors [156]. While on the one hand,
the asymmetry of the core level peaks might be attributed to an additional state related to
a chemical shift due to the formation of oxygen vacancies [159], on the other hand Christou
et al. discuss this behavior as an additional structure caused by the conduction electron
plasmon excitation [122]. In an earlier publication about ITON, the asymmetric peak shape
was fitted using two Gauss-Lorentz peaks with a fixed G/L-ratio resulting in an energy sep-
aration of 0.9 eV [155]. In the following an extensive study on many different samples was
performed as a function of deposition power and annealing temperature. The asymmetry
of the core levels occurs for samples that have a relatively high carrier concentration. In ac-
cordance with earlier works on SnO2 and ITO, it can be explained by a screening response,
in which the Coulomb potential of the core at an ionized atom creates a localized trap state
[160, 122]. In this situation, two different final states are then accessible depending on
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Fig. 5.7: Comparison of the In3d5/2 peak shape of a ITON sample prior to and after rapid thermal
annealing. Details of the fit parameters are discussed in the text.

whether the localized state remains empty (giving an unscreened state) or is filled by trans-
fer of an electron from the conduction band (resulting in a screened final state). The peak
shape of the unscreened state at higher binding energy is much broader compared to the
screened state since it involves excitation of plasmons. This intrinsic plasmon excitation is
coupled with a certain relaxation rate and therefore lifetime broadening of this contribution
is expected, which results in a Lorentzian peak profile [122, 160]. Hence, the different peak
shapes of both components have to be taken into account for fitting. This leads to different
results compared to the first approach. The energetic separation of the components is only
0.45 eV as displayed in Fig. 5.7. In similarity to the above discussed aspects it has to be
pointed out that the asymmetry in peak shape was found for as deposited and annealed
ITO films as well as ITON samples that have been annealed at or above 600◦C, giving one
type of sample state, while untreated and 400◦C RTA treated ITON films represent the
other type with totally symmetric core levels peaks.
In an alternative picture the high binding energy structure corresponds to an extrinsic
plasmon satellite whose Lorentzian linewidth is determined by the conduction electron
scattering rate [160]. The energetic separation of these two features can be used for a rough
estimation of the carrier concentration. According to the correlation between electron con-
centration and the bulk plasmon energy

ω2
p =

(
ne2

ε∞ε0m∗(n)

)
(5.4)

n can be calculated. For the case of In2O3 and ITO the nonparabolicity of the conduction
band has to be considered. Hence, the electron effective mass is dependent on the carrier
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concentration m∗(n) which can be quantitatively obtained from available band structure
calculations for In2O3 [114]. In this way using a high frequency dielectric constant of
ε∞ = 4.0 [122], a carrier concentration of n =2.1× 10 20 cm-3 is calculated for the measured
energy separation of 0.45 eV. This estimation is in very good agreement with the values
obtained by Hall experiments (see Fig. 5.2) and is a further proof for the apparent changes
of the ITON properties after RTA at T≥ 600◦C. For all the ITO reference samples this
asymmetry was also detected, regardless of whether they were annealed or untreated after
deposition which is also consistent with the results from Hall measurements. Additionally,
an effective mass of m∗ = 0.36 me is estimated which is slightly higher compared to values
obtained from optical measurements on indium tin oxide [161]. In comparison, for the as
deposited ITON films with n∼ 10 19 cm-3, the effect would lead to a negligible shift of about
0.1 eV, which cannot be resolved in the present experimental setup.

For a further analysis of the electronic structure, EELS measurements have been per-
formed on annealed ITON samples which exhibit the asymmetry in the core level peak.
Fig. 5.8 presents a series of EELS scans with varying primary electron energy E0. The left
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Fig. 5.8: Electron energy loss spectra of a ITON film annealed at 600◦C.

side contains the signal in the energy range of the elastically reflected primary electrons.
The reduction of the peak width for lower E0 is not induced by material properties, but
directly related to the dependence of the electron beam energy distribution generated by
the electron source itself. A feature related to charge carrier plasmons, if present, should be
visible in the EELS peak. For the originally assumed shift of 0.9 eV, no structure is found.
However, there is evidence for a slight asymmetry, which is best visible in the scan obtained
with E0 =200 eV (red curve). This could indeed be caused by an energy loss induced by
excitation of charge carrier plasmons with an energy of 0.45 eV and supports the consider-
ations on the XPS peak shape discussed above. However, for a better quantification of the
carrier density from EELS, measurements with a better energy resolution are required in
order to separate the plasmon signal from the elastically reflected electrons.
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The high energy loss part of the EELS scans of an annealed ITON sample is presented in
the right part of Fig. 5.8. In order to evaluate the origin of the different features, a compari-
son of measurements with different primary electron energies is useful, since this parameter
allows a variation of the information depth in the measurements and hence allows a dis-
crimination between surface and bulk effects. The dominant structures are located around
9.1 eV, 15.2 eV and 18.8 eV. The first two structures are caused by plasmon losses induced
by the excitation of valence electrons, where the feature at 9.1 eV represents the surface
plasmon and the one at 15.2 eV is related to excitation of electrons in the bulk [162, 163].
This statement is supported by the fact that the relative intensities change when different
primary electron energies are used. When E0 is reduced, the surface related states are
typically more pronounced due to the reduced electron inelastic mean free path. The two
peaks at 18.8 eV and 23.1 eV are attributed to transitions from the In4d semi-core level to
unoccupied states in the conduction band (In4d→CB), consistent with measurements on
indium oxide [162, 163]. Since the annealed ITON films also have a high concentration of
tin at the surface, the same type of interband transitions from the Sn4d level (Sn4d→CB)
also contribute to the total spectrum, in agreement with EELS results on the oxidation
of Sn [164]. There are also structures at higher energy values which are mainly related
to multiples and combinational losses. In addition to these well-pronounced structures, a
detailed analysis of the spectra reveals that there are further features in the rising edge
between 2 eV and 7 eV. Two structures at 3.6 eV and 5.5 eV are identified (best visible
in the scan with E0 =500 eV), which have also been found, but not discussed in previous
measurements on ITO [165]. These spectral features are due to interband transitions from
occupied states in the valence band to empty conduction band states above the Fermi level
EF [163, 164].

UPS measurements reveal no clear trend in the work function of the different ITO and
ITON samples. All values vary within the range of 4.2 eV± 0.1 eV, which have been de-
termined from the onset of the secondary electron peak. The valence band distribution of
ITO and ITON samples measured using He I and He II radiation are presented in Fig. 5.9.
For the ITO thin films, the valence band maximum determined by extrapolation of the
trailing edge to zero is located 3.4 eV below EF , while it is slightly shifted to 3.2 eV for the
untreated and annealed ITON films. Both films exhibit structures in the valence band at
4.5 eV and 8.8 eV, comparable to indium oxide surfaces, as well as the In4d level at 18.4 eV,
which agrees with the XPS results and is typical for ITO films [166]. A slight difference
between ITO and ITON is detected in the energy range between 1 eV and 3 eV, which is
mainly related to defect states in the band gap. For ITON, a higher signal is detected
around ∼ 2.7 eV which is probably induced by the incorporated nitrogen atoms. A com-
parison with the valence band distribution of InN (see chapter 3 and [65]), where the first
intensity maximum is located in this energy range, supports this suggestion.
Annealing of ITON at T≥ 600◦C also results in changes in the valence band distribution.
An increase in intensity between 5 eV and 8 eV is observed with a slightly more pronounced
structure at 5.8 eV. This effect can be explained by the surface segregation of tin at higher
temperatures. The higher the Sn content on the surface, the more are the SnO2-like states
existent in the valence band, and located at a slightly higher binding energy relative to the
In2O3-like states [167].
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Fig. 5.9: Comparison of the valence band photoemission of ITO and ITON films measured using
using He I (hν =21.2 eV) and He II (hν =40.8 eV) radiation.

In conclusion it can be stated that the incorporation of nitrogen during magnetron sputter-
ing of ITO results in interesting new material properties. The changes related to the use of
nitrogen as process gas could be identified to a certain degree using electron spectroscopy
measurements. A correlation between the optical and electrical properties of the material
to the surface properties was found. It could be directly shown that the incorporated ni-
trogen plays an important role in the physical properties of these ITON films. However,
the thermal instability of the material has to be taken into account for any high temper-
ature processes required for device fabrication. Nevertheless, the extended optical window
of ITON after RTA could still be useful in future optoelectronic applications.
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Chapter 6

Summary and Outlook

Several aspects of the dependence of preparation conditions on structural properties, sur-
face composition as well as surface electronic structure of different indium compounds have
been investigated using surface sensitive techniques such as photoelectron, Auger-electron
and electron energy loss spectroscopy as well as scanning force microscopy and reflection
high-energy electron diffraction. This includes in particular, the electron density of bulk
and surface states of clean InN(0001) films, the properties of polycrystalline indium oxide
thin films and their interaction with oxidizing gases for the implementation in ozone de-
tectors as well as changes of the material properties due to incorporation of nitrogen into
transparent, highly conductive indium tin oxide films.

Since indium nitride films are very reactive towards ambient gases, the approach to combine
the MBE growth of InN(0001) films with the examination of the surface electronic structure
in one UHV system was successfully followed for the first time.
A clear correlation between the In/N flux ratio and the surface stoichiometry and mor-
phology is found. In the case of a high nitrogen supply, excess nitrogen is incorporated
into the material and the growth is 3-dimensional. Additionally, the formation of a small
proportion of cubic InN was noticed after growth at N-rich conditions and low substrate
temperatures. The crystal quality and morphology is improved in the case of slightly In-rich
growth conditions during MBE due to the accumulation of indium layers at the surface and
the consequently enhanced diffusion of the reactants in this case.
For the characterization of the surface electronic structure of stoichiometric InN(0001) films,
the growth parameters have been optimized in order to assure the absence of any excess
material. Taking into account the low film thickness of < 300 nm, a good crystalline qual-
ity could be achieved. The lowest measured bulk electron concentration was 8×1018 cm-3,
which is about one order of magnitude higher than the best values reported in the literature
for films exceeding a thickness of 1 µm.
From the results of photoelectron spectroscopy measurements using different excitation
sources, it can be stated that the measured occupied electron states of InN are in very good
agreement with theoretical calculations of the bulk density of states. On the other side,
for the unoccupied InN states determined from fine structures in the secondary electron
cascade, a qualitative agreement between experimental and theoretical data was found, but
the observed energy shift cannot be explained at present.





Summary and Outlook

Depending on the growth temperature, the surface atoms tend to arrange in two differ-
ent reconstructions at the InN(0001) surface: (2×2) or (

√
3 ×

√
3)R30◦. Although, the

(
√

3 ×
√

3)R30◦ structure has been already reported in the literature, the presented re-
sults exhibit the first experimental study that determines the impacts of the formation
of a surface reconstruction on the electronic properties of indium nitride. The indium
adatom arrangement leads to distinct electronic states inside the band gap of InN, directly
located at the Fermi edge for (2×2) reconstructed films or 0.75 eV below EF in the case
of a (

√
3×

√
3)R30◦ structure. The experimental results agree very well with the available

theoretical calculations of InN surface structures.
For stoichiometric InN films that have been examined in-situ after MBE growth, a strong
electron accumulation is observed at the surface. In this case, oxidation of the surface due
to contact with O2 can be excluded as reason for this characteristic. The formed surface
states as well as other intrinsic donor-like states have to be considered as source of electrons
in the accumulation layer. Furthermore it was preliminary found that the interaction of
clean InN(0001) surfaces with O2 leads to the adsorption of oxygen, but has no influence
on the valence band bending and the electron accumulation layer.

Indium oxide films were investigated in order to study the processes related to the high
sensitivity of polycrystalline InOx in detecting ozone. For this purpose, the surface char-
acteristics of externally MOCVD grown In2O3 layers were intensively examined depending
on their crystalline properties that are mainly controlled by the temperature regime during
growth.
For growth temperatures above 400◦C, the resulting polycrystalline layers consist of either
flat or pyramidal shaped islands, depending on the orientation of the grown film. These
layers are not very sensitive towards ozone. In2O3 films with bixbyite structure in different
orientation ((001) and (111)) or rhombohedral (0001) structure, exhibit similar chemical
properties.
Careful examination of the valence band states supports the results from recently published
studies that the commonly accepted band gap value of In2O3 of 3.6 eV is too large and the
correct gap lies around 3 eV. This has also consequences on the interpretation of the surface
band distribution. The reduced gap would lead to almost flat band conditions instead of
the normally assumed strong upward band bending induced by an electron depletion layer
at indium oxide surfaces.

Chemical vapor deposition performed at temperatures as low as 200◦C using trimethylindium
and water, results in the formation of porous nanocrystalline indium oxide films (particle
size 7 - 8 nm) that exhibit a very high sensitivity towards ozone and can be implemented
in O3 sensors. This characteristic is mainly related to the existence of a very high density
of defects at the nanocrystallite surface acting as reactive adsorption centers. The ozone
sensor principle is based on the reversible adsorption of oxygen species at these reactive
centers, resulting in a charge transfer from the substrate towards the adsorbate, as well as
the UV radiation or thermally induced desorption which results in a strong variation of the
film resistance.
After O3 oxidation, an unexpected shift of the valence band away from the Fermi level
is detected, although the electrical characteristics point towards a reduction of the carrier
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concentration. Based upon the photoelectron spectroscopy data, a model is proposed that
explains the observations by an altered band gap at the vicinity of the surface, which is
induced by the adsorption of oxygen species.
The interaction with O3 is based on the dissociation of the molecule and adsorption in
the form of negatively charged oxygen ions due to electron transfer from the indium oxide
towards the adsorbate. The same adsorbate is formed when the surface comes into contact
with water. This observation explains the reduced sensitivity of the ozone sensor devices,
when operated under humid conditions.

The incorporation of nitrogen into indium tin oxide by rf magnetron sputtering in N2 at-
mosphere was characterized by X-ray photoelectron spectroscopy. Depending on the used
plasma power, up to 10% of nitrogen is inserted into the films, which is bound in different
chemical states. The formation of N-In, N-Sn as well as N-O bonds was verified. Addition-
ally, a large portion of the incorporated nitrogen is inserted into the films without forming
chemical bonds with indium, tin or oxygen. In accordance to studies on the nitridation of
InP, InAs and InSb, this phase is attributed to nitrogen that is embedded at interstitial
sites.
The incorporation of nitrogen leads to a decoration of oxygen vacancies in the material and
consequently to a reduction of the electron concentration by about one order of magnitude
compared to conventional Ar-sputtered ITO films.
As for all indium compounds, the thermal instability of the material is one major aspect of
the properties of these materials. The inserted nitrogen desorbs out of the film above 550◦C.
Simultaneously the segregation of tin towards the surface occurs. Both processes result in
a strong increase in the carrier concentration in the material. Hence, post-processing by
rapid thermal annealing leads to improved electrical properties (higher conductivity and
high electron mobility). As a consequence, the optical transmission in the near UV region
is increased for ITON films compared to conventionally Ar sputtered ITO films.

The performed investigations resulted in new insights to open questions about the prop-
erties of indium compounds. Nevertheless, there are still many unsolved problems that
require further studies on these materials.
The achieved experience in the preparation of clean and well-defined InN surfaces with
pronounced reconstructions allows even deeper fundamental investigations on this special
semiconductor. For this purpose, further improvement of the material properties (espe-
cially crystallinity, morphology and electron concentration) will be crucial and is expected
to be realized by increasing the thickness of the grown films. Especially smooth surfaces
would allow angle-dependent photoelectron spectroscopy measurements in order to map
the k-dependence of the electronic states. Furthermore, examination of the local structural
and electric properties by scanning tunneling microscopy/spectroscopy measurements is
encouraged.
The realized capability for in-situ characterization of MBE grown films allows further stud-
ies of the initial stages of interaction with different atoms or molecules in order to investi-
gate surface reactions on an atomic level, which is not possible on samples that have been
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exposed to ambient conditions. This would include extensive studies on the influence of
different adsorbates, such as alkali-atoms or gaseous materials.
In particular, for the consideration of indium nitride based transistor devices, characteriza-
tion of interface and band alignment properties of InN towards possible gate and contact
materials will be one important task for future experiments. The technological equipment
in the ZMN facilitates these measurements and especially the study of the InN/In2O3 in-
terface can be relatively easy realized in the UHV growth and surface analysis system.
The investigation of the surface electronic structure should be further expanded to N-
polarity or non-polar InN films that can be grown on special substrates. Of great impor-
tance is a confirmation or exclusion of the theoretically predicted absence of the electron
accumulation layer at a- and m-plane InN surface prepared under stoichiometric conditions.

Surface studies on defect rich nanocrystalline indium oxide films enabled a qualitative de-
scription of the processes related to ozone oxidation and UV-induced reduction of the
surface. The presented measurements were performed close to the actual environment the
sensor surfaces are exposed to during operation. However, these investigations can only in
parts contribute to an overall description of the underlying processes that define the ozone
sensor characteristics. This is related to the complexity of the system, where several aspects
have to be considered such as the structural, compositional and electronic features of the
films. It is worth to study several aspects separately in order to distinguish between the dif-
ferent influences. This includes to switch to epitaxial or single crystal In2O3 surfaces for the
examination of the surface reactions, and to define reference experiments as is typically done
in studies on catalytic materials. For the gas interaction processes, coverage-dependent sur-
face spectroscopy measurements will refine the proposed models and are encouraged for the
near future. Especially the implementation of extremely adsorbate sensitive experimental
techniques such as high-resolution electron energy loss spectroscopy and metastable impact
electron spectroscopy are expected to give further insight into the dissociation processes of
ozone and water at the surface.
It has to be mentioned that the performed experiments as well as the measurements pro-
posed for the future strongly rely on theoretical studies of possible stable adsorbate con-
figurations on In2O3 surfaces. Hopefully, the progress in computation speed as well as
theoretical approaches result in supporting information on the surface properties of the
complex system indium oxide in the near future.

The presented studies have established a better knowledge of the surface properties of
InN(0001), polycrystalline indium oxide as well as indium tin oxynitride thin films. Most
of the aspects discussed here are of fundamental character and do not directly lead into
new (opto)electronic applications. However, the results can contribute to a better basic
understanding of indium compounds and help to conceive the fundamental material char-
acteristics as well as processes during film preparation or device operation.
Hopefully, some of these indium based materials will lead to improvement of existing or to
even new devices in the near future. The transfer from first demonstrators to the realiza-
tion of commercial LT-InOx based ozone sensors, would give the chance for a wide-range
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control of the O3 concentration in the environment and prevent people to be exposed to
harmful doses. Indium nitride based applications are still a perspective, but large efforts are
put into the study and development of e.g. extremely fast transistors as well as terahertz
emitters. A successful implementation of the material requires further improvement of the
film quality and the recently started transition from pure material properties based studies
towards applied investigations.
Perspectively, the implementation of annealed ITON layers could improve the performance
of devices that rely on transparent conductive oxides, since the window of transparency
can be shifted further into the UV. Special impact is expected on the quality of ohmic con-
tacts on p-type nitride films, since the incorporated nitrogen can lead to improved interface
properties upon annealing.
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[66] V. Cimalla, M. Niebelschütz, G. Ecke, V. Lebedev, O. Ambacher, M. Himmerlich,
S. Krischok, J.A. Schaefer, H. Lu, and W.J. Schaff. phys. stat. sol. (a), 203:59, 2006.

[67] R.E. Jones, K.M. Yu, S.X. Li, W. Walukiewicz, J.W. Ager, E.E. Haller, H. Lu, and
W.J. Schaff. Phys. Rev. Lett., 96:125505, 2006.

[68] A. Eisenhardt. Molekularstrahlepitaxie und Oberflächenanalyse von In-polarem InN.
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Appendix A

Abbreviations and Symbols

AES Auger-Electron Spectroscopy
AFM Atomic Force Microscopy
AHC Atomic Hydrogen Cleaning
CB(M) Conduction Band (Minimum)
DOS Density of States
EB Branch point Energy
EF Fermi Energy
EV ac Vacuum Energy
FWHM Full Width at Half Maximum
(HR)EELS (High-Resolution) Electron Energy Loss Spectroscopy
IMFP Inelastic Mean Free Path
LEED Low Energy Electron Diffraction
MBE Molecular Beam Epitaxy
MIES Metastable Impact Electron Spectroscopy
MOCVD Metal Organic Chemical Vapor Deposition
PEEM Photo Electron Emission Microscopy
PES Photo Electron Spectroscopy
QMS Quadrupole Mass Spectroscopy
RGA Residual Gas Analysis
RHEED Reflection High-Energy Electron Diffraction
SAED Selected Area Electron Diffraction
SE Spectroscopic Ellipsometry
SEM Scanning Electron Microscopy
STM/S Scanning Tunneling Microscopy/Spectroscopy
TEM Transmission Electron Microscopy
TCO Transparent Conductive Oxide
UHV Ultra-High Vacuum (p < 10−9 mbar)

UPS Ultra-violet Photoelectron Spectroscopy
XPS X–Ray Photoelectron Spectroscopy
XRD X–Ray Diffraction
VB(M) Valence Band (Maxiumum)
φ work function
χ electron affinity
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S. Krischok, R. Öttking, W. J.D. Beenken, M. Himmerlich, P. Lorenz, O. Höfft,
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Gruppe. Mit der Hilfe von Annette Läffert, Vasil Yanev, Pierre Lorenz, Anja Eisenhardt,
Richard Gutt und Angela Keppler hat es viel Spaß gemacht, die kleinen und großen Hürden
im Labor und im Büro zu überwinden.
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durchgeführten Untersuchungen zu erweitern.

Außerdem danke ich allen weiteren Mitarbeitern des Fachgebietes Technische Physik I und
des Zentrums für Mikro- und Nanotechnologien der TU Ilmenau für die angenehme Arbeits-
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