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Zusammenfassung

Im Rahmen dieser Arbeit wurde die dielektrische Funktion von ZnO-Einkris-
tallen und epitaktischen Schichten für Polarisationsrichtungen parallel und
senkrecht zur c-Achse im spektralen Bereich von 2.5 bis 32 eV mit Synchrotron-
Ellipsometrie bestimmt. In der Region nahe unterhalb der Bandkante wurde
der komplexe dielektrische Tensor bezüglich der Quantisierung des elektro-
magnetischen Feldes in Form von Exziton-Polaritonen analysiert. Negative
Abschnitte im Realteil zeigen die Ausbreitung von Polaritonen für die Exzi-
tonen der drei obersten Valenzbänder Γ7,Γ9,Γ7. Die transversal-longitudinal
Aufspaltung, die auch den oberen Polaritonzweig vom unteren trennt, wurde
präzise für jedes Subband bestimmt. Es wurden zudem zusätzliche Absorp-
tionsstrukturen an der longitudinalen Eigenenergie des B-Exzitons und nahe
darüber beobachtet. Sie wurden als Mixed-Mode-Polariton und als Inter-
ferenzeffekt als Folge einer exzitonenfreien Oberflächenschicht (dead layer)
interpretiert, welche sich ähnlich wie ein Fabry-Perot Spiegel verhält. Es
wurde ein neuartiges Modell entwickelt, um die verschiedenen Ursprünge
der Übergänge zu analysieren und die ”dead-layer”-Annahme zu bewei-
sen. Dazu wurde jeder Anteil am Spektrum einzeln für sich beschrieben.
Eine Kopplung der einzelnen Schichten stellt dann die effektiven optischen
Funktionen dar. Die Parameter, die sich aus dem Fit ergeben, beschreiben
dann das reale Material und beinhalten die Werte für die Rydberg-Energie,
die Kopplungstärke, die Bandkantenenergien, die Phononenenergie und die
Randschichtdicke, die für verschiedene Proben ermittelt wurden. Für die
generelle Erklärung der beobachteten Anomalien sind zusätzliche Randbe-
dingungen, die sich aus der räumlichen Dispersion ergeben, noch nicht von
Nöten, gewinnen jedoch an Wichtigkeit für eine exakte Modellierung von
Linienformen. Die Valenzbandreihenfolge und somit die Symmetrien der
Exzitonwellenfunktion an der Bandkante wird stark von den relativ nahe an
den O 2p-Bindungselektronen liegenden Zn 3d Core-Level beeinflusst. Durch
starke p-d-Abstossung überwiegt der negative Anteil im Spin-Orbit-Splitting
und die obersten Valenzbänder vertauschen im Vergleich zu anderen II-VI-
und III-V-Halbleitern. Um die Beteiligung der Core-Level abschätzen zu
können, wurde der Spektralbereich bis 32 eV erweitert. Die gefundenen Ener-
gieabstände wurden den kritischen Punkten in der Bandstruktur zugeordnet.
Die starke Ansiotropie über 10 eV unterscheidet sich wesentlich von der in
anderen II-VI- und III-V-Halbleitern mit Wurtzitstruktur und wurde hier-
bei durch das starke Kristallfeld infolge der hohen Abweichung des inter-
nen Parameters u=0.382 vom idealen Wert für das Wurtzitgitter (u=0.375)
erklärt. Ausserdem konnte die Anisotropie mit Hilfe von theoretischen ab-
initio-Rechnungen verifiziert werden.



Abstract

The dielectric response functions of ZnO single crystals and epilayers for
electric field polarizations parallel and perpendicular to the c-axis are obtained
in the spectral range from 2.5 to 32 eV by ellipsometry with synchrotron
radiation.
In the regime closely below the band edge, the complex dielectric tensor
components are analyzed concerning the quantization of the electromagnetic
field in terms of coupled polariton-eigenmodes. Negative sections in the
real part indicate the formation of polaritons for the excitons of the three
upper valence-bands Γ7, Γ9, Γ7. The transverse-longitudinal splittings which
separate the upper polariton branch from the lower branch, corresponding
to the k-vector of the used light, are deduced precisely for each subband.
Additional absorption peaks are observed at the longitudinal B-exciton and
closely above. One is considered to be a mixed-mode and the other is seen
as a consequence of interference effects in an exciton free surface layer (dead
layer) which acts like an antireflecting Fabry-Perot mirror.
A novel approach for modeling ellipsometric data is developed in order to
analyze the different types of excitation processes to the spectra and to prove
the dead layer assumption. The most simple way of doing this is to describe
every contribution on its own, layer by layer. Then, a coupling of layers
shows the effective optical properties. The parameters found by the modeling
will then describe the realistic system, including Rydberg energies, coupling
strengths, band gaps, LO phonon frequencies and dead layer thicknesses for
different samples. For the principal verification of the observed anomalies,
additional boundary conditions connected to spatial dispersion are not the
critical factor, but may become more important for a fine-tuning of exact
line-shapes.
In ZnO, the low lying d-levels of the Zn-cation are in near resonance with the
O 2p part of the valence-band, which is believed to have an extreme influence
on symmetries of the split states at the valence band maximum due to the
strong p-d repulsion. A reversal in the two upper valence bands Γ7 and Γ9 due
to a negative spin-orbit-splitting is considered as a result. In order to estimate
the participation of the d-orbitals to the chemical bonding, the energy range is
extended to 32 eV. The found energy gaps are applied to Critical Points in the
bandstructure diagram. A strong anisotropy is observed mainly for energies
above 10 eV, which differs considerably to all other II-VI and III-V wurtzite
compounds. This is seen as a result of the large deviation from the internal
parameter u=0.382 from the ideal value for the wurtzite structure (u=0.375).
This anisotropic behavior could also be verified by ab-initio calculations.
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1. Introduction

The quantization of electromagnetic waves in anisotropic dielectric media re-
presents one of the most interesting problems in crystal optics because it gives
a rigorous and experimental accessible test of the general understanding of the
interaction between light and matter. The lowest excited state in the electronic
system of a semiconductor is the excitonic state, namely an electron-hole pair
near the center of the Brillouin zone. The electron in the conduction band
leaves a hole in the valence band that results in a Coulomb-like interaction
and represents also a microscopic polarization field.
Hopfield was the first who has described the combination of a polarization
and a radiation field [1]. Starting from the equations of motion for the photon
and the matter fields he quantized the eigenfrequencies in case of coupling,
that can be considered as new quasi-particles (of the mixed state between ra-
diation field and polarization waves), called polaritons. Since these polaritons
carry integer spin and are therefore of bosonic nature, a collective condensa-
tion in the lowest quantum state (Bose-condensation) at k=0 is possible and
already impressively shown by resonantly exciting them in a microcavity [2].
Using this cavity polariton condensation, polariton lasing is one of the most
fascinating new applications because of the extremely low threshold power
operation without the need of population inversion. The wide-band gap se-
miconductors are favored since the strong coupling regime and the coherence
state is stable at room temperature and above. Recently, GaN-based polari-
ton lasing at room temperature has been realized [3]. For a development of
these devices, the precise knowledge of the polariton eigenstates is crucial
to optimize the resonator structure. The dispersion relationship for excitonic
polaritons is represented by the dipole allowed (optical) eigenstates as a func-
tion of the wave vector k which basically depends on the direction of light
propagation in the material regarding the crystallographic directions.

Besides the fact that the II-VI semiconductor ZnO is an attractive material for
cheap and environmental friendly electronic devices, such as optoelectronics,
transparent conductors, chemical sensors and transistors, the most motiva-
ting topic for this work is its high potentiality for the use as active medium
for polariton lasers and Bose-condensation of polaritons. Using ZnO as ac-
tive medium in microcavities, further enhancement is predicted in operating
temperature and Rabi-splitting between the different modes [4]. Due to the
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strong excitonic binding energy Eb=60 meV (bulk ZnO) in combination with
the polar bonding character the interaction with an electromagnetic wave
comes along with strong polarization fields traveling through the material in
terms of coupled transverse and longitudinal eigenmodes with a rather large
energy separation.

The optical properties, e.g., specular reflection and absorption are governed
by the index of refraction n and the extinction coefficient κ which are known
as frequency dependent quantities that are defined by the dielectric function
ε(ω,k). The group symmetry of wurtzite ZnO is C6v, therefore the dielectric
function turns into a tensor. For a complete description of the linear optical
response of this uniaxial anisotropic crystal, two independent components of
this tensor referring to electronic excitation parallel ε‖ and perpendicular ε⊥
to the optical c-axis have to be probed.

Typically, the operation range of optical devices cover the whole visible and
the adjacent near infrared and ultraviolet wavelengths of the electromagnetic
spectrum. This means that the discussion will be confined to the range of
wave lengths where electronic transitions between valence- and conduction-
band states occur. Due to the Lyddane-Sachs-Teller relation, the optical pro-
perties even below the band gap are strongly influenced by the higher inter-
band transitions and thus a detailed knowledge is necessary. Also, narrow
lying core levels may take strong influence even on the valence band maxi-
mum because of their perturbation of the spin-orbit parameters. To address
this situation, optical measurements are extended to the vacuum UV region
up to the deep ultraviolet are necessary, to gain informations on these elec-
tronic core-levels.

The main topic of this thesis is an experimental study of the complex dielectric
tensor that characterizes the macroscopic, linear optical response of the II-VI
semiconductor ZnO to a monochromatic light wave in a broad spectral range
of 2.5 to 32 eV. Ellipsometry is the method of choice because it allows a direct
and reference-free determination of the whole set of linear optical functions
by measuring the amplitude ratio Ψ of and the phase shift ∆ between paral-
lel and perpendicular polarized parts of the reflected light beam. The real
and imaginary part of the dielectric tensor are determined in a straightfor-
ward manner and approximations in a subsequent KramersKronig analysis
are avoided. Most of the previous work is based on either reflectivity or
absorption/transmission measurements and always regarded separately wi-
thout any direct association. Gaining a complete picture of the correlation
between the reflectivity, the dielectric real and imaginary part or the index of
refraction n and the extinction coefficient κ is strongly desirable.
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The discussion in this thesis will progress in steps and starts with the classical
and quantum-mechanical description of the interaction of light and matter
including the concept of multimode formation of exciton-polaritons followed
by details about the method of ellipsometry and the used samples. In the
main part, an assignment of distinct structures in the optical spectra to certain
excitation processes is made. The assignments are divided into two types:
The exciton related structures including also their phonon complexes, that
are found in the close vicinity of the fundamental absorption edge and the
interband transitions above. The study includes an evaluation of the build-in
strain dependences, by comparing samples with different surface termina-
tions.
A related topic will be the inherent wave vector dependence of the dielectric
tensor in the region of strong excitonic transitions, since the most important
phenomenon connected to spatial dispersion are multiple interferences, that
take place in an exciton free surface layer and show up in very anomalous
spikes in the absorption [5]. The effects of this so called ”dead layer” on
the dielectric function is still completely neglected so far in ellipsometric
measurements. Therefore, it is necessary to develop a novel approach for
modeling ellipsometric data in order to prove the dead layer assumption. But
also, the existence of phonon related satellites and the formation of polaritons
for the excitons of the valence sub-bands are not yet modeled at all. The most
simple way of doing this is to describe every contribution on its own, layer
by layer. Then, a coupling of layers shows the effective optical properties
with variable parameters. The parameters found by the model fit will then
describe the realistic system, including Rydberg energies, coupling strengths,
band gaps, LO phonon frequencies and dead layer thicknesses for different
samples. For the principal verification of the observed anomalies, additional
boundary conditions connected to spatial dispersion are not the critical factor,
but may become more important for a fine-tuning of exact line-shapes.
In the last part of this thesis, the problem of negative spin-orbit splitting
at the valence band maximum due to the low lying Zn3d core levels will be
addressed [6]. Only the use of synchrotron radiation can provide access to the
higher interband and core level transitions. Clearly following the argument,
that d states might hybridize with the lower valence state, the number of
electrons participating to the absorption as a function of energy is taken as an
advice to determine the level of wavefunction overlap. Since we can in theory
switch off all states except the d-level, ab-initio calculations can be used for a
verification of the experimental findings. Finally, the strong optical anisotropy
induced the by hexagonal crystal field is accounted for the elaboration of band
symmetries.



4 1. Introduction



2. Light-Matter Interaction in Semiconductors

”What’re quantum mechanics?”
”I don’t know-
People who repair quantums,
I suppose.”

T. Pratchett: ”Eric”

In the following, a relationship is given between the microscopic electric
charges that are induced by electromagnetic radiation fields in a solid and the
development to the macroscopic dielectric function. Plane wave solutions
to Maxwell equations then will show how the complex dielectric function
describes the propagation behavior of a light wave within the material. Alter-
native expressions like the complex index of refraction n, and the absorption
coefficient α are defined.
Beginning with the simple classical (mechanical) model, the description of
the interaction of light with an atom in a crystal is based on early works of
Lorentz. This approach leads to the induced atomic charge distribution and
the connected polarization with the Newtonian forces of the electric field on
the electrons as a starting point.
For the understanding of differences in the dielectric functions observed
among different materials, one has to resort to a full quantum-mechanical des-
cription. In the quantum-mechanical model the one-electron approximation
is commonly used for this problem and the optical electric field is considered
as inducing transitions of single electrons from their initial ground Bloch-
states to higher lying final states within the framework of time-dependent
perturbation theory. Especially for this thesis, the situation of interest are the
direct interband transitions in semiconductors, namely electronic transitions
that conserve crystal symmetry momentum. The ability of the complex die-
lectric function to provide detailed knowledge on the joint density of states
will be discussed in the last part of this chapter.

2.1 Maxwell Equations and Dielectric Function

The interaction of light with matter is usually discussed within Maxwell’s
theory by describing the light macroscopically by plane waves [7].
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∇ · (ε0E + P) = 0
∇ · B = 0

∇ × E +
∂B
∂t

= 0

∇ × B − ε0µ0
∂
∂t

(
E +

P
ε0

)
= 0

(2.1)

E: electric field, ε0: dielectric constant
B: magnetic Induction, µ0: permeability (vacuum)
P: polarization density

In case of electromagnetic waves, the electric field component is a wave having
phase velocity vp=c/n, wavelength λ = 2/ωn, with n being the (real) index of
refraction. The presence of a time varying electric field

E = E0ei(kr−ωt) (2.2)

introduces a polarization
P = ε0χE (2.3)

within the medium. The complex dielectric susceptibility tensor χ reflects
the properties of the material. Alternatively these properties can also be
expressed with the dielectric function:

ε = ε1 + iε2 (2.4)

which connects the electric field with the electric displacement vector D:

∇ · D = ε0∇ · ε(ω) · E = 0. (2.5)

Both quantities χ and ε are therefore also equivalent descriptions and can be
calculated from each other: ε = 1 + χ. The Maxwell equations yield also the
wave equation for the resulting electric field in matter:

∇ × (∇ × E) +
ε

c2
∂2E
∂t2 = 0 (2.6)

Together with the plane-wave Ansatz, this yields to the principal expression in
crystal optics:

3∑
j=1

(
k2δi j − kik j −

ω2

c2 εi j

)
E j = 0 mit i ∈ {x, y, z} (2.7)
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In this thesis, we deal exclusively with hexagonal wurtzite crystals, which
have uniaxial anisotropy. In group theory, anisotropy in crystal lattices de-
velops in steps regarding the amount of symmetry operations that can be
performed to return to a congruent system. The crystal structure with highest
symmetry is the cubic structure and is optically isotropic in all three space
directions (x, y, z). In the case of these isotropic materials the off-diagonal
tensor components of εwill vanish and the diagonal components εxx, εyy and
εzz will be equal to the same scalar function ε, which is called the dielectric
function of the material. The second highest symmetry is apparent in hexago-
nal crystals, having one principal axis distinguished from the other two. The
crystallographic directions (a, b, c), where a and b are equivalent and c is the
unique axis, are aligned with the space or dielectric axes (x, y, z) in a manner
that the z-axis of the index spheroid is the optic axis and is parallel to the c
crystallographic axis. For these crystals the dielectric tensor contains two in-
dependent components called ordinary and extraordinary dielectric function
εo = εxx = εyy and εeo = εzz. In tensor notation, the expression is then:

εhex =


εxx 0 0
0 εyy 0
0 0 εzz

 =


ε⊥ 0 0
0 ε⊥ 0
0 0 ε‖

 =


εo 0 0
0 εo 0
0 0 εeo

 (2.8)

In general, εwill be frequency and wave vector dependent ε(ω,k). All optical
properties of a material such as the complex refractive index ñ, the penetration
depth of light, the reflectance R of a semi-infinite medium, or the complex
reflectivity r can be determined from the dielectric function. In analogy to the
complex dielectric function (DF), the complex index of refraction is:

ñ = n + iκ or n2 = ε (2.9)

The extinction coefficient κ is the imaginary part and can be seen as the
dissipation of energy and is proportional to the absorption.

2.2 Kramers-Kronig Dispersion Relationship

The real and imaginary parts of the optical response functions, whether given
by χ, n or ε, are not completely independent, but connected through disper-
sion relationships. An expression that holds for anisotropic solids that are not
optically active, involves the susceptibility tensor components. Considera-
tions based on the causality principle require that there is no response of the
polarization P to the field E before it is applied: χ(t − t) = 0 for t < t. Fourier
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transformation of the expression for the polarization existing at the position
r at time t in terms of the electric field E:

P(t) = ε0

∫
∞

−∞

χ(t − t′)E(t′)dt (2.10)

yielding P(ω)=ε0χ(ω)E, then the condition of causality leads to the dispersion
relationship of the dielectric function:

ε1(ω) − 1 =
1
π

P
∫
∞

−∞

ε2(ω′)
ω − ω′

dω′, (2.11)

ε2(ω) = −
1
π

∫
∞

−∞

ε1(ω′) − 1
ω − ω′

dω′. (2.12)

P denotes the principal value of the integral [7, 8] also called the ”Cauchy
main value”. For the index of refraction and the extinction coefficient, similar
relations hold:

n(ω) − 1 =
2
π

P
∫
∞

0

ω′κ(ω′)
ω′2 − ω2 dω′ (2.13)

κ(ω) = −
2ω
π

P
∫
∞

0

ω′2nr(ω′)
ω′ − ω2 dω′ (2.14)

Especially, for the common used method of reflectance measurements (am-
plitude of the complex reflection coefficient: R = |r|2) which does not measure
the phase shift ∆, the only way to obtain both the real and imaginary part of
optical functions is a subsequent approximation in the framework of Kramers-
Kronig relationship.

r⊥(ω) =
n(ω) − 1 + iκ(ω)
n(ω) + 1 + iκ(ω)

= ρ(ω)ei∆(ω) (2.15)

However, since both (n, κ) and (r,∆) are interrelated, measurements of R
over a very wide spectral range are required to permit calculation within the
borders of the integral in order to obtain the whole set of optical functions.
Obviously, limitations in accuracy arise from the limited spectral range of any
measurement. Typically, one must extrapolate to lower photon energies using
a constant reflectance and a constant index n and an extinction κ = 0 and to
higher energies assuming a shape for the reflectance based on an asymptotic
behavior for ε. For these reasons, informations about the phase shift of the
reflected wave with respect to the incident one are greatly desirable.
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2.3 Classical Description: Lorentz Oscillator Model

In order to explain the frequency dependence of the complex dielectric func-
tions ε(ω) of semiconductors this section will focus on the simple classical
model which originates from an early work of Lorentz [9] as a very useful
starting point. It can also nicely explain the observed fundamental optical
properties like the the color appearance of different materials or their different
lucent behavior.
For a spherical charge distribution, containing one electron with charge−e and
mass m, bound to a nucleus of charge +e with infinite mass at a fixed position
in space, the equation of motion can be expressed by Newtons second law:

m
d2x
dt2 = −eE0eiωt

−mω2
0x −mγ

dx
dt
, (2.16)

where x is the displacement from the center of charge and −eE0 is a driving
force generated by the microscopic electric field, spatially averaged over the
electron cloud. The 2nd term on the right side is a restoring force with a
constant mω2

0 according to Hookes law and ω0 is the resonance frequency of
the oscillator. The 3rd term represents a viscous-like damping with a frictional
constant γ, which can be seen as a value for the energy dissipation pathway
that occurs in solids through interactions with neighboring atoms. Upon
solving this linear, inhomogeneous differential equation of 2nd order one
obtains a complex charge displacement (oscillating). This can be attributed
with a dipole moment via a complex atomic polarizability â(ω) and one arrives
at a macroscopic polarization density P:

P = Nâ(ω)E0 =
Ne2

m
[
(ω2

0 − ω
2) − iωγ

]E0 = ε0χ(ω)E (2.17)

Where N is the amount of identical atoms per unit cell volume (number of
oscillators) and E0 is a component of the electric field vector of the electroma-
gnetic radiation given by E = (E0, 0, 0)eiωt. Through this model, the spectral
behavior of the optical properties can be understood quite intuitively. Finally,
the dielectric function for an uncoupled Lorentz Oscillator is given by:

ε(ω) = 1 +
e2

ε0m

∑
n

Nen

(ω2
n − ω2) − iωγn

(2.18)

with the real and imaginary parts given by:

ε1(ω) = 1 +
e2

ε0m

∑
n

Nen(ω2
n − ω

2)
(ω2

n − ω2)2 + ω2γ2
n
, (2.19)
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ε2(ω) =
e2

ε0m

∑
n

Nenωγn

(ω2
n − ω2)2 + ω2γ2

n
, (2.20)

Figure 2.1: Energy dependence of the real (ε1) and imaginary (ε2) parts of the DF and the
absolute reflectivity for a single Lorentz oscillator calculated for a resonance energy ~ω0=5 eV.
The border between III and IV is placed at the plasma frequency ωp. The reflectivity is
calculated for different angles to show the k-dependence of the stopband.

Here, Nen is the concentration of electrons having a resonance frequency of
ωn and a frictional constant γn. To include the possibility of more than one
electron per atom, these equations have been generalized. A schematic de-
pendence of the complex dielectric function on the photon energy (~ω) for
a semiconductor with one oscillator (for simplicity) is drawn in Fig. 2.1.
In the limit of very low energies, the real part ε1 approaches a constant
and the imaginary part ε2 vanishes. With increasing energy, ε1 rises, sho-
wing a so-called “normal” dispersion. At ω− = ω0

[
1 − γ/ω0

]1/2, a maximum
appears, followed by a regime of anomalous dispersion, which extends to
ω+ = ω0

[
1 + γ/ω0

]1/2. In this regime, ε1 decreases rapidly with ω, crossing
unity at the resonance ω0. Above ω+, normal dispersion resumes again and
ε1 approaches unity asymptotically as ε1 ∼ 1 − Nee2/ε0mω2 for ω � ω0 � γ.
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For ε2, there is a region of increasing values with ω for ω < ω0, reaching
its maximum value of ε2 = Nee2/ε0mγω0 at ω0 and again approaches zero
asymptotically as ε2 ∼ Nee2γ/ε0mω3 for ω � ω0. For the case of ω0 � γ, the
full width at half maximum of the peak structure in ε2 is equal to γ.
Four regions are delineated in the spectra of Fig. 2.1 as described by Wooten
[8].

• Regime I: For ω < ω0 the electrons are strongly bound and the semicon-
ductor shows increasing weak absorption and low reflectivity.

• Regime II, with ω0 − γ/2 ≤ ω ≤ ω0 + γ/2, is characterized by weakly
bound electrons from the conduction band with a rapidly increasing
reflection and absorption coefficient.

• In regime III (ω > ω0), the electrons show free behavior like in a metal.
This results in a metal-like reflectivity in this regime with decreasing
absorption. At ε1 = 0, which defines the plasmon frequency ωp, it is
assumed that all electrons contributing to the chemical bonding (va-
lence band) are in collective longitudinal oscillation. This point marks
therefore also the onset of the core shell electronic transitions for higher
frequencies.

• In regime IV, above the plasmon frequency, both the reflectivity and the
absorption are low and decrease to zero. Finally, corrections due to local
fields in the framework of quantum mechanics should shortly be men-
tioned. The term Ne2/m describes the coupling strength between the
electromagnetic field and the oscillator. For the case of dipole-allowed
transitions this coupling is given by a squared transition matrix element∣∣∣∣HD

i f

∣∣∣∣2 between the initial state i and the final state f and introduces the
quantity called the oscillator strength

f =
2Nω,0
ε0~

∣∣∣∣HD
i f

∣∣∣∣2 (2.21)

In reality, there exists not only one type of oscillators or one resonance fre-
quency in a semiconductor, but many of them. Consequently, one has to
sum over all resonances. But with the assumption of an isolated resonance,
all lower frequency resonances can be neglected and the constant contribu-
tion of all higher frequency resonances can be summarized in a so-called
background dielectric constant εb. For the highest resonance in a system,
εb reaches unity, Some workers prefer to use the notation ε∞, especially the
infrared (phonon) community, because they tend to ignore inter-electronic
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band transitions beyond the IR region. The dielectric function for the spectral
surrounding of the resonance ω0 follows then:

ε(ω) = εb +
f

ω2
0 − ω

2 − iωγ
. (2.22)

Effective number of electrons

The oscillator strength has to fulfill the sum rule, that is:∑
j fi = Ne (2.23)

It can be assumed from Fig. 2.1, that the imaginary part of the DF is zero
for sufficiently high frequencies, where all electrons behave like free electrons
with ε1(ω) = 1 − ω2

p/ω
2. Together with the Kramers-Kronig relations this can

be used to relate the optical properties to the concentration of electrons that
in fact participating to transitions induced by the external electric field with
frequency ω. This number of electrons can be normalized to the volume of
one unit cell V and is given by the effective number of electrons:

Neff =
2Vε0me

2

∫ ωe

ωb

ωε2(ω)dω (2.24)

The effective number of electrons contributing to the optical transitions for
a certain frequency will be used later in chapter 8 as a quantity to evaluate
the participation of the Zn3d-core levels to the chemical bonding in the mea-
sured dielectric function in the far ultraviolet range, e. g. around the plasma
frequency ωp.

2.4 Transverse and Longitudinal Waves

Having in mind the expressions (2.1) derived from the Maxwell equations,
we find

∇(ε0ε(ω)E) = 0, E0 · ki(kr−ωt) = 0⇒ E ⊥ k (2.25)

where ε0 and ε(ω) are the dielectric constants in vacuum and matter, E is the
electric-field vector of the electromagnetic wave with a frequency ω and k is
the wave vector, the principal solution for light in matter (and vacuum) is a
transverse electromagnetic wave. The other solution ε(ω) = 0, which is only
valid in matter, gives the resonance for a longitudinal mode

E(ωL) ‖ k (2.26)
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with antiparallel polarization and electric field

ε0E = −P. (2.27)

In case of zero damping γ→ 0 one finds a singularity in ε for the transverse
eigenfrequency

ε(ω = ωT = ω0) = ∞ (2.28)

and a vanishing ε for the longitudinal eigenfrequency

ε(ω = ωL) = 0. (2.29)

With finite damping, the singularity turns into a derivative-like structure at
ω0 in the real part ε1 and a peak-like structure in the imaginary part ε2 as
shown in figure 2.1. The longitudinal eigenfrequency ωL is always increased
above the the transverse eigenfrequency ω0 because the longitudinal pola-
rization wave comes along with a longitudinal electric field, that acts like
an additional restoring force. The result is a finite splitting between ω0 and
ωL: the longitudinal-transverse splitting ∆LT (LT-splitting). The LT-splitting
is directly connected to a finite oscillator strength by:

ω2
L − ω

2
0 =

f
εb
∼

∣∣∣∣HD
i f

∣∣∣∣2 (2.30)

Because of the non-crossing rule in the region of the stop-band between ω0
and ωL there is only very small fraction of light propagating the sample and
the penetration depth is shorter than the wavelength.
Regarding the general characteristics of the spectral behavior, the constant
value well below ω0 (for low frequencies) is introduced as the static dielectric
constant εst. For very low frequencies ω→ 0, the εst is sometimes also called
ε0. With f > 0, for the connection of these values to the LT-splitting follows
[10]:

εst

εb
=
ω2

L

ω2
0

> 1 (2.31)

and is called Lyddane-Sachs-Teller relation. It says also, that all oscillators
(including vibrational and electronic) excited in a whole spectral range will
take influence on a the spectrum even in a narrow surrounding of an isolated
transition.

2.5 Interacting Resonances

Regarding the case of two close lying resonances with equal oscillator strength
f at slightly different frequencies ωA < ωB. If the difference is small enough,
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these levels will interact and take influence on each other due to level re-
pulsion. Then, the dielectric function must contain their interdependence,
meaning that they cannot be considered as spectrally isolated oscillators any-
more but as a superposition of both:

εA(ω) = εb +
f

ω2
A − ω

2
, εB(ω) = εb +

f
ω2

B − ω
2
, (2.32)

εtotal(ω) = εb +
f

ω2
A − ω

2
+

f
ω2

B − ω
2

= εA(ω) + εB(ω) − εb (2.33)

By performing this, the consequence is an significant distortion e. g. in the
width of the stopband. The value of ∆LT is decreased for the A resonance and
the increased for the B resonance. Consequently, it is not possible to deduce
the correct oscillator strength in a straightforward manner but needs a more
complicated analysis. As we shall see later in chap. 6, this fact becomes very
important for the excitonic transitions in ZnO.

2.6 Electronic Transitions

The classical models have quantum-mechanical analogs that indeed yield the
same mathematical expressions for the dielectric functions, but are additio-
nally capable to explain band-to-band electronic transitions. The potential of
the single nucleus has to be replaced by a periodic potential of the ions in the
crystal. The overlapping valence electrons delocalize and must be accounted
in a quantum-mechanical approach by one electron Bloch-like waves with a
defined wave vector k in the respective Brillouin zone (BZ). Then, the die-
lectric function is calculated from the wave functions for the initial and final
states including dipole transition probabilities and group symmetric selection
rules. The DF is treated as a sum over all transitions between the valence-
(v) and conduction band (c) at different points in the BZ in the quantum
mechanical electric dipole approximation [11]:

ε(ω) = 1 +
1

2π3
e2

ε0m2
e~

2

∑
c,v

∫
BZ

d3k
Pcv(k)
E2

cv(k)

( 1
~ω + Ecv + iΓ

−
1

~ω − Ecv + iΓ

)
(2.34)

Where Pcv(k) denotes the dipole transition matrix elements between valence-
and conduction-band. These are defined by the so called dipole operator e · p:

Pcv(k) =
(
< ψc(k)

∣∣∣ e · p
∣∣∣ψv(k) >

)2
(2.35)
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Direct transitions are only allowed between states with same k, because the
wave vector for an electromagnetic wave is very small in comparison to the
size of the BZ. ψv and ψc are the wave functions of the electrons with a
energy gap of Ecv. A damping is also included by the Γ-term and accounts
life time broadening of the excited states with Γ ∝ ∆E ∝ ~/∆t. However, since
momentum conservation always holds in electronic transitions, an integration
over a surface S of constant energy instead over the whole BZ can be done:

ε(ω) = 1 +
1

2π3
e2

ε0m2
e~

2

∑
c,v

∫
∞

0
dEcv

Pcv

E2
cv

J(Ecv)
( 1
~ω + Ecv + iΓ

−
1

~ω − Ecv + iΓ

)
(2.36)

Here, the joint density of states J(Ecv) is introduced in order to describe the
amount of states, which are available in the energy region of interest. An
increasing amount increases also the probability and the intensity of spectral
structures. It is given by:

J(Ecv) =

∫
SEcv

dk1dk2

∇kEcv(k)
(2.37)

Absorption structures in the DF are connected with areas or points in the
band structure, where valence- and conduction-bands run parallel to each
other, which is usually given at points of high symmetry in the BZ. This is
explained by the derivative nature of the counter term ∇kEcv, which goes to
nearly zero for parallel bands. These points are called critical points (CPs) or
Van-Hove-singularities.

Direct interband transitions at 3D critical points

In the vicinity of the Γ-point (zone center), the conduction band exhibits a
global minimum and the valence band a global maximum in case of a direct
semiconductor. The electron- and hole masses are positiv in all 3 directions
of space and therefore, one has to deal with a 3-dimensional M0 critical point.
In this case of a 3-dimensional character of electronic bands, the derivative
has to be determined for all 3 directions, and (2.37) turns into:

Ecv(k) = ECP +
~

2

 k2
x

µx
cv

+
k2

y

µ
y
cv

+
k2

z

µz
cv

 (2.38)

where 1/µcv = 1/me + 1/mh. Later in chapter 8, these considerations are
applied in order to assign distinct absorption structures in the DF to certain
electronic transitions.
Also, the imaginary part of the DF can written as:
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ε2 =
C
~2ω2

√
~ω − EgΘ

(
~ω − Eg

)
(2.39)

with a constant factor C being:

C =
(e/m0)2

2πε0~

√
8µxµyµz |e · Pcv|

2 (2.40)

Θ(x)
{

1 x ≥ 0
0 x < 0

(2.41)

In this expression, only absorption above the fundamental band gap is as-
sumed. This is commonly used to determine the band gap from absorp-
tion/transmission measurements. Because phenomena like excitons or more
than one valence band maxima are not taken into account, the expression
yields only a coarse estimate. To take into account more than one uppermost
valence band and crystal-field or spin-orbit split-off bands (3 bands in hexago-
nal and 2 bands in cubic crystals) their contributions have to be superposed,
respectively. But, due to different symmetries and oscillator strengths of the
split states at the valence band maximum a dependency on the polarization
of the light and therefore the wave vector k may occur.
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If you don’t know
where you are going,
any road will take you there.

Lewis Carroll

Excitons can be generated optically by absorbing photons having sufficient
energy. In the following sections it will be described, how this electron-hole
pair is connected to a microscopic polarization field P in the lattice. If an
oscillator does not couple to the electromagnetic wave, it is dipole forbidden.
An oscillating polarization, in turn, emits an electromagnetic wave, which
may act back into the incoming radiation field. And, when radiation travels
through a solid material it is always accompanied by a mechanical polariza-
tion wave. This interplay gives rise to quantize this coupling by introducing
new quasi-particles, called polaritons. They represent the mixed state of a
photon and an exciton [1]. The result will be a dispersion relationship for
excitonic polaritons, which is represented by the dipole allowed eigenstates
as a function of the wave vector k which basically depends on the direction of
light propagation in the material regarding the crystallographic directions. A
similar quantization can also be applied to phonons instead of excitons, but
these phonon-polaritons are not subject of this thesis.

3.1 Wannier-Excitons

An exciton is the lowest, elementary excited state in the electronic system of a
semiconductor, represented by an electron in the conduction band and a hole
in the valence band which are bonded together by the Coulomb interaction.
In contrast to the atom-sized distance of the electron-hole pair of a Frenkel
exciton, the electron and the hole in a Wannier exciton [12] belong in general
to different separated ions, which results in weak overlapping of their wave-
functions. The Coulomb force in between is therefore screened by the valence
electrons of the lattice. The starting point for the model of the electron-hole
pair is the Schrödinger equation of two charged particles affected by each
other by a Coulomb-like exchange interaction:
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Figure 3.1: Scheme of eigenstate series of excitons for direct gap semiconductors taken from
[13]. The Rydberg energy is the distance between the ground state (n=1) and the continuum
(n = ∞).

(
−
~2

2m∗e
∆e −

~2

2m∗h
∆h −

e2

εreh

) ∣∣∣ψcv
〉

= Ex
∣∣∣ψcv

〉
(3.1)

The screening from the lattice is included by the dielectric constant ε. This
so called exciton equation can be separated in a part related to the relative
coordinates and a part related to the center of mass, whereas the latter part
describes the motion of a free Wannier exciton. The relative coordinates are
in accordance to hydrogen-like wavefunctions. The energy levels are the
solutions of the eigenvalue problem and the dispersion relation is then given
by:

Ex(nB,k) = Eg − R∗y
1

n2
B

+
~2(ke + kh)2

2(me + mh)
(3.2)

with nB=1,2,3... being the principal quantum number and R∗y=13.6 eV µ
m0

1
ε2

being the exciton Rydberg energy. When the electron-hole pair is explicitly
treated as a new quasi-particle, the masses can be merged into a reduced
exciton mass µ:

µ =
memh

me + mh
(3.3)
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and the radius of the particle is related to that of an hydrogen model by:

ax
B = aH

B ε
m0

µ
(3.4)

also called the excitonic Bohr radius. The Bohr radius for ZnO is ax
B=1.8 nm

[14].

3.1.1 Dielectric Function of Excitons

The determination of the imaginary part of the DF can be performed in a
similar manner as mentioned in section 2.7 by taking Coulomb interaction
into account. According to Elliott [15], the transition matrix element for
excitons is a multiplication of the dipole approximation:

〈
ψc |H|ψv

〉
=

eA0

2m0

〈
ψc

∣∣∣e · p
∣∣∣ψv

〉
=

eA0

2m0
e · Pcv (3.5)

and an envelope function Ψ. The application of the envelope yields an ad-
ditional Fourier transformation with the result, that the transition matrix
element is nonzero only for r=0, e. g. if electron and hole exist in the same
unit cell and therefore only in case of overlapping wavefunctions. With the
ground state of the exciton being

∣∣∣ψ0
〉

and the final state being
∣∣∣ψ f

〉
this yields:〈

ψ f
∣∣H′∣∣ψ0

〉
=

〈
ψc

∣∣H′∣∣ψv
〉

Ψ(0) (3.6)

For a 3-dimensional M0 critical point, the bound states are consistent with the
hydrogen atom model. Correspondingly, only for r=0 and for a vanishing
angular momentum (l=0) the elements are nonzero, which is fulfilled only for
wavefunctions with s-symmetry. The envelope function yields:

|Ψ(0)|2 =
1

πa∗0
3n3 (3.7)

The allowed discrete transitions can then be described by the following ex-
pression for the imaginary part of the DF:

εX
2 = 2πC

√
R∗y

1
~2ω2

∑
n

2R∗y
n3 δ(~ω − E) with E = Eg −

R∗y
n2 (3.8)

C is a constant factor. The oscillator strength decreases with the quantum
number by the factor n−3. The binding energy obeys a n−2 law by getting
nearer to the band edge. The limiting value is given by:
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Figure 3.2: Calculated imaginary part ε2 in the vicinity of the band edge taking into account
excitonic discrete states (solid line) and neclecting excitonic states (dashed) taken from [11].
Note the difference between both spectra for higher energies.

εX
2 = 2πC

√
R∗y

1
E2

g
(3.9)

In the continuum, the envelope function yields to the so-called Sommerfeld-
or Coulomb-amplification factor (Coulomb enhancement). For ε2, this leads to
an equation analog to (2.39):

εn→∞
2 =

τeτ

sinhτ
C
~2ω2

√
~ω − EgΘ(~ω − Eg) with τ2 = π2

∣∣∣∣∣∣ R∗y
~ω − Eg

∣∣∣∣∣∣ (3.10)

The consequence, especially due to the Sommerfeld term τeτ/sinhτ, is a fi-
nite value for the density of states. A smooth steady crossing to the quasi-
continuum for the discrete levels is formed with a similar limiting value as
in eq. (3.9). In contrast to neglecting the Coulomb-interaction, it is found
that indeed there is absorption possible below the bandgap by applying the
Elliott-model [15]. As can be nicely seen in figure 3.2, the comparison bet-
ween Elliott’s model and the calculation of ε2 without taking discrete levels
into account shows obviously a discrepancy, which arises in form of an offset.
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For a free exciton, the oscillator strength can be determined by:

fx =
ε0

2

((
∆LT

~ω0

)
+ 1

)
(3.11)

Broadening effects

Defects, inhomogenities, vacancies and other nonidealities will scatter the
excitons. Moreover, at temperatures above 0 K, lattice vibrations (phonons)
introduce further scattering centers. The resulting broadening or damping of
the actual delta-like peaks can be mathematically described by a convolution
with a damping function, i. e. a Gauss- or Lorentz function. Gauss broade-
ning generally better describes defects, while Lorentz damping is often used
for lifetime broadening. The full width at half maximum is than called dam-
ping parameter Γ can be divided into contributions from inhomogenities Γinh,
acoustic phonons Γaph, and a broadening in terms of a Boltzmann distribution
with an average phonon frequency ~ωLO:

Γ = Γinh + ΓaphT +
ΓLO

exp
(
~ωLO

kT

)
− 1

(3.12)

With a Gauss-like broadening being:

G(x) =
1
√
πΓ

exp
(
−

x2

Γ2

)
(3.13)

The DF according to Elliott [15] together with a damping parameter Γ is found
by a convolution from equations (3.8),(3.10) and (3.13):

εX
2 =

CX

~2ω2

∑
n

1
Γn3 exp

(
−

1
Γ2

(~ω − E)2
)

with E = Eg −
EX

b

n2

as well as

εn→∞
2 =

Cn→∞

~2ω2 ·
1 + erf

(
~ω−Eg

Γ

)
1 − exp (−2τ)

with τ2 = π2

∣∣∣∣∣∣ EX
b

~ω − Eg

∣∣∣∣∣∣
(3.14)

With “erf” being the error function. This equation can be used to simulate the
DF of one excitonic oscillator, if isotropic effective masses are assumed and
the energy Er depends on the quantum number n (Er � relative motion).
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3.2 Polaritons

From a classical viewpoint the coupling between excitons and photons results
in a considerable change of their dispersion curves at points, where they
would cross each other, i. e. at points where their energies and wave vectors
are equal. As a consequence, the dispersion curves repel each other and form
new curves which carry both characteristics in one, exciton-like and photon-
like. The quantum-mechanical analogue to this situation is the so called
”non-crossing rule”, which says that the crossover point for two k-dependent
energy levels disappears in case of any coupling between the two. Basically,
a splitting of eigenenergies occurs at the former crossover point, which is
proportional to the coupling strength between the two levels. The dispersion
relation of a polariton is given in figure 3.3. The dispersion of the lower
polariton branch LPB starts linear and photon like with a slope being ~c/

√
εst

(εst: dielectric constant well below the the exciton resonance), then becomes
exciton-like within the bottleneck-region. There may be a longitudinal exciton
allowed for certain directions, which is discussed in detail in the next sections.
The longitudinal wave solution ωL at k=0 marks also the onset of the upper
polariton branch UPB, going over into a photon-like dispersion with a slope
being ~c/

√
εb (εb: Background dielectric constant in the region of excitonic

resonances).

Figure 3.3: Schematic diagram of the combi-
ned dispersion relation in k-space of excitons
and photons showing an anti-crossing as a re-
sult of strong coupling. The curves can be divi-
ded into exciton-like parts with small slope and
photon-like parts with steep slopes and small
k-values. There are two transverse branches,
the upper and the lower polariton branch (UPB
and LPB). There may be also a third branch, the
longitudinal L, which is exclusively exciton-
like having the energy ωL. The dashed lines
show the uncoupled dispersion of a photon and
an exciton.

Regarding the Lyddane-Sachs-Teller relation [10], that was introduced in sec-
tion 2.31:

εst

εb
=
ω2

L

ω2
0

(3.15)

For the dielectric function
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ε(ω) = εb
ω2

L − ω
2

ω2
0 − ω

2
= n2 (3.16)

holds. Here, n is the index of refraction. Together with the well known
dispersion relation in k:

k2 =
n2ω2

c2 (3.17)

the so called polariton equation is found.

3.2.1 Transverse Polaritons and Longitudinal Excitons

Solving the equation (3.28) for the relation between electric field and dielectric
constant, the solutions can be divided into two cases.

• 1. case: (k · E)=0

∇(ε0ε(ω)E) = 0, E0 · kei(kr−ωt) = 0⇒ E ⊥ k (3.18)

Assuming nonzero absolute values for k and E, the conditions is only
true if k and E are perpendicular, which is always given for an electro-
magnetic wave due to the transverse nature. In other words, the optical
response in matter is given by the dielectric function (ε , 0). Toge-
ther with the Lyddane-Sachs-Teller relation 2.31, we find the dispersion
relation for transverse polaritons [5]:

1 +
ω2

p

ω2
0 − ω

2
L

=
c2k2

ω2
0

, (3.19)

and for the transverse dispersion it holds:

ω2
T1,2

=
c2k2 + ω2

0 + ω2
p

2
±

1
2

√
(c2k2 + ω2

0 + ω2
p) − 4c2k2ω2

0 (3.20)

with ω2
p = ω2

L(k = 0) − ω2
0 and ~ω0 = Eg − R∗y.
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• 2. case: ε=0
E(ωL) ‖ k (3.21)

with antiparallel polarization and electric field. This condition is true
for a longitudinal polarization wave. Inserting the condition in equation
(2.17) introduced in section 2.4, we find for ε(ωL)=0:

ω2
L = ω2

0 +
Ne2

ε0εrε∞m
(3.22)

Again, together with the Lyddane-Sachs-Teller relation (2.31), we find
the dispersion relation for longitudinal excitons [5]:

1 +
ω2

p

ω2
0 − ω

2
L

= 0, (3.23)

and the longitudinal dispersion is

ω2
L = ω2

0

(
1 +

(ωp

ω0

)2
)

= constant (dispersionless). (3.24)

Since the longitudinal branch is constant in k and it therefore has no
photo-like character at all, on speaks always of an longitudinal exciton.
There exist no longitudinal polaritons.

The dispersion curves for the two transverse solutions can be regarded in Fig.
3.3, while the longitudinal exciton would be located at the longitudinal energy
with a constant line. The transverse part is to be thought to represent the ra-
diation field only, while the longitudinal part belongs to the bulk polarization
field as a result of the Coulomb gauge [16].
It has to be mentioned, that the phenomenon of spatial dispersion, i. e. the
wave vector dependence of the DF ε(ω,k) is neglected for the latter conside-
rations, but may play a role when regarding the fine structure of line shapes
in optical spectra. In Fig: 3.3 the effect of spatial dispersion is included and
shows up in a slight dispersion in the longitudinal branch and the LPB at
higher k. Without spatial dispersion, the curves would be constant in k,
what fulfils the classical view of a stopband in terms that there are no waves
allowed to penetrate the medium in the region between ω0 and ωL.

Dielectric Tensor of Polaritons

The basics for a description of the coupling between radiation fields and the
electronic system in matter is the wave equation for the electric field E(ω) and
were introduced in chapter 2 of this thesis. From the macroscopic Maxwell
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equations the formulas describing the polariton dispersion are now briefly
sketched by a modification of the Fourier transformed E-vector.

∇ × (∇ × E) +
ε

c2
∂2

∂t2 E = 0 (3.25)

The solution of this homogeneous equation with the elements i, j ∈ x, y, z
leads to

∑
j

(
k2δi j − kik j −

ω2

c2 εi j

)
E j = 0 (3.26)

3.2.2 Anisotropic Crystals: Ordinary and Extraordinary Polaritons

So far, only the isotropic case was considered, where the DF is assumed to
be equal in any direction of the crystal. Since ZnO is a crystal with C6v-
symmetry and uniaxial anisotropic, different optical properties referring to
directions along (ε‖) and perpendicular to principal axis (ε⊥) have to be taken
into account (also known as dichroism). As introduced in chapter 2, the
components of the dielectric tensor are given by:

εi j =


ε⊥ 0 0
0 ε⊥ 0
0 0 ε‖

 =


εo 0 0
0 εo 0
0 0 εeo

 (3.27)

If the direction of the incident light is chosen parallel to one of the principal
axes of the dielectric tensor, the solutions of equation (2.7) are pure transverse
and pure longitudinal eigenstates. The principal axis is the z-axis (parallel to
c of the crystal) and the other axes lie in the x − y-plane. There are following
cases to consider [17]: For k = (k, 0, 0)T it is deduced from equation (2.7):

ε⊥(ω) =
k2c2

ω2 , for transverse states with polarization perpendicular to c

ε‖(ω) =
k2c2

ω2 , for transverse states with polarization parallel to c, and

ε⊥(ω) = 0 ε‖(ω) = 0, for longitudinal states.
(3.28)

Equation (3.28) defines the energy ~ωL of the longitudinal exciton. This leads
to the so called Kursova-expression [18]:
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ε(ω) =
∏

i

ωL2
i
− ω2

ω2
0i
− ω2

(3.29)

If regarding a radiation wave with its wave vector k lying not along one of the
principal axes of the dielectric tensor, the states are not anymore classified in
purely transverse or purely longitudinal, but into mixed states. In this case,
mixed mode polaritons will be observed.

Figure 3.4: Geometry of the accessible polariton orientations [19]. For k‖c only pure trans-
verse modes are allowed. For k⊥c and simultaneously E‖c the excitons are pure longitudinal
but do not couple to the extraordinary light wave. For all other angles, mixed modes are
observed.

In our ellipsometric measurements, the a-plane samples were oriented with
the c-axis perpendicular or parallel to the plane of incidence, so that the p-
polarized electric field component is Ep⊥c and Ep‖c. For the c-plane samples,
where c is normal to the surface, the wave vector of the incident light lies
always in 67.5◦ with respect to the c-axis. In case of perpendicular orientation
of k to the c-axis and the use of p-polarized light, the first of the dispersion
relations is completely independent of the angle of incidence φ. This condi-
tion is almost fulfilled, when performing ellipsometry on a-plane samples by
measuring the DF of the E⊥c component. The vector E is thus perpendicular
for any value of φ and the corresponding polariton is therefore always an
ordinary-polariton. When E lies in the plane containing both k and c, the dis-
persion becomes angular dependent. In this case, the eigenvalues of εi j are
not equal and there exists a component of the electric field parallel to k. The
corresponding exciton-polariton is not purely transverse, but forms a mixed
state and is called extraordinary polariton or mixed mode polariton. The mixed
mode is expected to disappear when light is propagating along the c-axis
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(φ=0), because then the two polarization eigenstates are degenerate and the
crystal is isotropic (εo = εeo). For the other case, when light is incident perpen-
dicular to the c-axis (φ=90◦), the resulting excitons are all purely transverse
or purely longitudinal as in isotropic media , but depending on polarization
there are now two dispersion relations, namely ε⊥ with E⊥c and ε‖ with E‖c,
respectively. The two latter configurations are impossible to achieve for ellip-
sometric measurements. But, for Reflectance Anisotropy Spectroscopy (RAS)
measurements, this can be achieved. This method will also be used to test the
predictions made by these considerations.

3.2.3 Signature of Strong Coupling in Optical Spectra

Figure 3.5: Calculated real part of the dielectric function and reflectivity spectra for an
isolated Lorentz oscillator. Left: Without the formation of a polariton ε1 is always positive
and the reflectivity peak is narrow. Right: The signature of the formation of polaritons is a
negative section in the real part, while the reflectivity line shape changes and the width is
increased.

In order to proof the existence of strong coupling between excitons and pho-
tons in the ellipsometric data, particularly in the dielectric function, a simula-
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tion of spectra is helpful. Furthermore, it is necessary to compare the DF with
published reflection spectra, because only this method was used so far for the
linear optical investigation of excitonic polaritons in any material. Ellipso-
metric spectra, which evidence the formation of polaritons are still unknown
to the author. The most simple procedure to do this is to calculate a single
Lorentz oscillator, which produces a similar reflection curve like those taken
on polaritons. A first hint for the polariton formation is indeed already in-
cluded in the principle shape of every Lorentz oscillator, but with a different
meaning, namely the generation of plasmons, which are also longitudinal
density waves (but for the valence electron collective) and occur at the border
to the core level excitations. The plasmon frequency is a consequence of the
negative section in the real part of the DF. In case of the existence of at least two
propagating modes in the material and not only one (required for polaritons),
negative sections in ε1 should be found in the excitonic region (which also oc-
cur for the formation of longitudinal waves, like plasmons). The consequence
of a negative section is, that there exists always a point of zero crossing, which
then defines the longitudinal wave solution and therefore a finite LT-splitting.
For the calculation of the spectra in figure 3.5 following expression including
one simple Lorentz oscillator with a resonance frequency ωT (ωT is the same
as ω0 and used to emphasize the transverse nature), an oscillator strength f
and a damping parameter Γ is used:

ε(~ω) = −
f

~ω − ~ωT + iΓ
+ εb (3.30)

Only in case of a negative section of ε1 a kind of stop-band emerges in the
reflectivity curve, which signalizes a nonzero splitting between two or more
propagating modes. An overall negative offset in the absolute amplitudes
is notable in the right diagram and decreases the dielectric constants for the
low and high energy dielectric constants εst and εb. As already mentioned
in detail in section 2.4, the width of the stop-band (the LT-splitting) is closely
connected to the oscillator strength f . Consequently, the following relation
holds for the dielectric constants:

εst − εb =
f

~ωT − iΓ
(3.31)

In conclusion, the linewidth is directly defined by the oscillator strength of
the exciton when an isolated resonance is assumed. It will be shown later,
that it is perfectly fulfilled for the C-exciton, but for the near lying A and B
excitons in ZnO the situation is more complicated.
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Any sufficiently advanced
technology is indistinguishable
from magic

Arthur C. Clarke
”Profiles of The Future”

ZnO is not really a newly discovered material. It has been systematically
investigated since the beginning of 1900. Besides the use for a huge number
of domestic and medical applications in every day life, such as sun protec-
tion, medicine or ingredient in animal food, the nontoxic and environmental
friendly properties of crystalline ZnO provide a great potential in electro-
nic technology. After intense research periods in the late 1950’s [20–22] and
1970’s the attractiveness got lost due to the lack of epitaxial and p-conductive
samples. Only because of the strong piezoelectric character the studies conti-
nued for the application as transducer interface for the generation of surface
acoustic waves and is commonly used for this purpose since 1960. The disad-
vantage, that ZnO is normally an n-type semiconductor, even unintentionally,

Figure 4.1: ZnO is widely used in every day life, for example in medicine for skin damage,
where ZnO powder is a main ingredient. The right image shows an example of the single
crystalline representation: ZnO nano-needles with hexagonal cross-section, prepared with
plasma laser deposition by Th. Nobis, A. Rahm/Universität Leipzig
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the easy n-doping was turned into an advantage in the last years with pro-
ducing transparent conductive coatings very cheaply on large areas for solar
cell arrays. ZnO is transparent in the visible light range, because it is a wide
band gap semiconductor with a band edge at 3.44 eV (at 2 K). One of the major
driving force for the renewed interest is its use for optoelectronic devices ope-
rating in the blue and near UV spectral range, such as light emitting diodes
or lasers, is the fact that the exciton binding energy amounts ≈60 meV which
is higher than the thermal energy at room temperature (26 meV). Therefore,
excitonic gain mechanisms could enhance the quantum efficiency. Recent
ZnO research has also been triggered by the improved growth methods ma-
king epitaxial and 3-dimensional/ nanostructured deposition possible. For
example, ZnO based optoelectonic devices may become an alternative ma-
terial for GaN-based alloys. The band gap energy and lattice constants are
quite similar as depicted in figure 4.2. The production of GaN devices suffers
from relative high costs due to the use of highly toxic metalorganica while the
sources of Zinc are nontoxic and quasi inexhaustible.

Figure 4.2: Bandgap energies and a-lattice constants for several compound semiconductors.
The wurtzite group III-nitrides are already commonly used for optoelectronic devices because
their ternary alloys cover the whole visible and the UV spectral range (since InN is found
to have a band edge in the N-IR). The lattice constants and bandgap energy of ZnO is very
similar to GaN which gives rise to use it as an alternative for several applications.
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4.1 Crystal Structure

Figure 4.3: Schematic drawings of a wurtzite crystal with hexagonal symmetry in real space
(left) [23] and reciprocal space (right) [24]. The unit cell contains 2 atoms of each type,
represented by grey and white spheres. Points and axes of high symmetry in the double
Brillouin Zone are also shown in greek letters.

The wurtzite structure with a unit cell of hexagonal symmetry has two lattice
parameters, a and c, in the ideal ratio of c/a =

√
8/3 =1.633 and belongs to the

space group of C6v. A schematic representation of the wurtzite structure in
real and reciprocal space is shown in Fig. 4.3. The structure is composed of
two interpenetrating hexagonal-close-packed (hcp) sublattices, each consists
of one type of atom displaced with respect to each other along the c-axis
(0001) by the amount of the so called internal parameter u =3/8=0.375 (in
case of an ideal wurtzite crystal) in fractional coordinates. The u parameter
is dimensionless and defined as the length of the bond parallel to the c axis,
relative to the c lattice constant. Each sublattice includes four atoms per
unit cell and every group-II-atom is surrounded by four atoms group VI,
and vice versa. These are coordinated at the edges of a tetrahedron. In
a ZnO crystal, the wurtzite structure deviates from the ideal arrangement,
by having a changed u value. With a decreasing c/a ratio, the u parameter
increases in such a way that those four tetrahedral distances remain nearly
constant through a distortion of tetrahedral angles due to long-range polar
interactions. These two slightly different bond lengths will be equal if the
following relation holds:
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u =
(1
3

) (a2

c2

)
+

1
4

(4.1)

For the wurtzite ZnO, lattice constants at room temperature determined by
various experimental measurements and theoretical calculations mostly range
from 3.2475 to 3.2501 Å for the a parameter and from 5.2042 to 5.2075 Å for
the c parameter [14]. The c/a ratio and u parameter vary from 1.593 to 1.6035
and from 0.383 to 0.3856, respectively. The deviation from that of the ideal
wurtzite crystal is probably due to lattice stability and ionicity and is expected
to cause additional anisotropy for the optical properties.

4.2 Electronic Band Structure

The optical response functions, i. e. the dielectric function of a material in the
visible and UV spectral region, is assessed by its electronic band structure.
Therefore, an accurate knowledge of the band structure is crucial to predict
the performance of a semiconductor in question considered for device appli-
cations. Several theoretical approaches of varying degrees of complexity have
been employed to calculate the band structure of ZnO. Experimentally, x-ray-
or UV reflection/absorption or photo-emission techniques yield informations
about the electronic valence- and conduction states and the core levels in
solids. These methods basically scan the energy difference by inducing tran-
sitions between electronic levels.
The ab-initio calculations of the bandstructure diagram displayed in Fig. 4.4
based on Density Functional Theory (DFT) in the Local Density Approxima-
tion (LDA) [25]. Since it is well known that binding energies are underes-
timated, the calculations were extended to the GW approximation (quasi-
particle correction) in order to give the ”correct” binding energies obtained
from experiments. The lattice parameters employed in the calculation are
a=0.3191 nm, c=0.5153 nm and u=0.379. The electron-ion interaction is in-
cluded by applying a Zn pseudo with 3d-valence states and are described
by norm-conserving pseudopotentials. The wavefunctions are expanded in
plane waves with a kinetic cut-off energy equal to 80 Ry. The spectrum of
the imaginary part of the dielectric function has been computed an plotted by
using a mesh of 32 x 32 x 14 k-points. Then, a scissors operator of 2.1 eV was
applied to ease the comparison to the experimental spectra, while the pure
LDA-bandstructure gives an energy gap of 0.82 eV at Γ.
The density of states (DOS) is defined as the sum of all states with equal
energy E over all wave vectors k. Regarding electronic bands with ideal
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Figure 4.4: Electronic bandstructure and DOS of ZnO as obtained from DFT-LDA calcula-
tions. The labels describe the type of orbital, which mainly contributes. Note, that calculations
on the DFT-level typically underestimate the gaps.

parabolic dispersion, for instance s-like states, this is given by the well known
dispersion relation including the effective mass (m∗) approximation:

E(k) =
~2k2

2m∗
(4.2)

Obviously, the term of the reciprocal effective mass specifies the curvature of
the dispersion parabola:

1
m∗

=
d2E
dk2

1
~2 (4.3)

Assuming an amount of states in a certain energy differential equal to the
corresponding k-differential, the result is a density differential D of states in
the energy space having the dimensionality n (similar to the degree of free
movement for the electrons):

Dn(E)dE = ρndnk (4.4)

The density of states in k-space ρndnk depends strongly on the dimensionality.
By establishing the differential ratio the density of states is given by:

dE
dk
~2k
m∗

⇒ k =

√
2m∗E
~2 (4.5)
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By incorporating the spin degeneracy, every state is doubled. The imaginary
part of the DF is directly proportional to the combined density of states of
valence and conduction band J(Ecv) (2.37), which can be in turn seen as the
absorption of the material. Thus, distinct structures in the DF directly relate
to critical points, i. e. points in the bandstructure with parallel bands. These
are found mainly at high symmetry points in the BZ, and labeled with Greek
capital letters. Later in chapter 8 the peak structures in the imaginary part
of the DF are assigned to vertical transitions between the VB and the CB at
certain critical points in the bandstructure depicted in figure 4.4.

4.2.1 The Role of the Zn 3d Core Levels

Figure 4.5: Crystal field and spin-
orbit splitting parameters as a func-
tion of Zn 3d-level position calculated
within LMTO by Lambrecht [6]. The
dashed line corresponds to the expe-
rimental value of ∆CF. If the d-band
lies close enough, ∆SO turns negative
due to level repulsion and the two up-
permost valence band are reversed.

The ordering of the split states at the valence band maximum has been a long
lasting debate (more than 40 years) and was driven mainly by the correct
sign of the spin-orbit splitting. The symmetry of the A exciton in wurtzite is
usual Γ9 and Γ7 for the B, if a positive spin-orbit splitting is assumed. Thomas
and Hopfield [26, 27] claimed an anomalous symmetry character of the up-
per valence bands compared to the usual one in other II-VI semiconductors
with wurtzite structure. Their interpretation can be understood in terms of
an effective negative spin-orbit splitting, of that kind as first supposed by Car-
dona [28]. The reason therefore was found in a low lying d-level of the Zinc
which is actually a closed shell core level (completely filled with 10 electrons).
This enforces an overlap of their wavefunctions which results in a strong p-d
repulsion, because a mixing is well forbidden. A reversal in the two upper
valence states Γ7 and Γ9 is considered as a consequence.
Lambrecht et al. [6] further investigated the behavior of the spin-orbit and
the crystal field splitting as a function of Zn 3d binding energy within the
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framework of first principles linear muffin-tin orbital density functional band
structure calculations (LMTO). The position of the d-level was changed by
simply adding a shift to the center of the 3d-band potential parameter. The
result is shown in Fig. 4.5. Both, the crystal field ∆CF and the spin-orbit ∆SO
strongly depend on the d-band position, namely they decrease monotonically
and almost linearly with increasing -Ed

b. Since general underestimation be-
cause of self-interaction errors is a well known problem of DFT, the ∆CF value
is too low at the experimental d-position (-6.95 eV). From the measurements
obtained within this thesis, a value of ∆CF=38 meV is found (details in chapter
6).

4.2.2 Valence Band Maximum

For a more detailed description of the electronic transitions at the valence band
maximum at Γ we consider the three exciton series derived from the Zn 4s-like
conduction band with Γ7 symmetry and an O 2p-like valence band. Neglecting
spin, this is split into two bands of Γ5 and Γ1 symmetry by the hexagonal
crystal field. The relativistic spin-orbit coupling lifts the degeneracy of the Γ5
into an upper Γ9 and a lowered Γ7, while the Γ1 becomes the lowest Γ7.

Figure 4.6: Valence band ordering at the Γ point of ZnO [29]. The Γ5 are strongly dipole
allowed for the ordinary beam while the Γ1 is strongly allowed for the extraordinary beam.

As discussed in the preceding section, the spin-orbit splitting ∆so is assumed
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Table 4.1: Irreducible representations of the ground state excitons of ZnO and their
dipole transition probability [30]

Exciton Symmetry strongly weakly forbidden
allowed allowed

A Γ7 ⊗ Γ7 = Γ5 ⊕ Γ1 ⊕ Γ2

B Γ9 ⊗ Γ7 = Γ5 ⊕ ⊕ Γ6

C Γ7 ⊗ Γ7 = Γ1 ⊕ Γ5 ⊕ Γ2

to be negative for ZnO due to the narrow Zn 3d level [6], leading to a reversal
of states (Γ7 ↔ Γ9). Further prove for the reversed ordering is provided by a
comprehensive magneto-photoluminescence study on the hole-state related
fine-splitting of bound excitons [31]. The three ground state exciton bands
(n=1) are labeled A, B, and C in order of increasing energy, whereas the C-
exciton is referred to as crystal-field split off band. Each band is twofold
degenerated for k=0. Group-theory arguments and the direct product of the
group representations of the band symmetries at the zone center are listed
in table 4.1 for the upper valence bands and the lowest conduction band.
Applying dipole selection rules for optical transitions, the following intrinsic
exciton ground-state symmetries result: A(Γ7)-B(Γ9)-C(Γ7).
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A scientist in his laboratory
is not only a technician:
he is also a child placed before
natural phenomena which
impress him like a fairy tale.

Marie Curie

From a microscopic viewpoint the focus of this work is put on the intrinsic
electronic processes involving valence and conduction band. In contrast,
photoluminescence spectra are mainly controlled by extrinsic features of the
material like defects, impurities and vacancies. Therefore, its interpretation
and relevance to the performance in a device will be highly specific. On
the other hand, Raman scattering is more general in its interpretation when
studying the atomic and lattice vibrations and is employed in this work in
order to characterize differently fabricated samples. In correlation with x-
ray diffraction, one can then justify the sample’s quality regarding structural
purity, crystallographic orientation or build-in strain fields.

5.1 Ellipsometry

One of the first steps in studying the optical properties of a material involves
a determination of its dielectric function. One method of doing this is measu-
ring the change in polarization that occurs when a polarized monochromatic
light wave reflects under an inclined angle of incidence. For linear polarized
light, the vector components of the electric field parallel and perpendicular
Ep and Es are in phase, that means ∆ = δp−δs being 0◦ or 180◦. After reflection
from the sample, however, the components in general exhibit a phase shift
which results in elliptically polarized light. The change to a new polarization
state happens without a change in frequency, therefore one measures the li-
near optical properties. Nonlinear optical effects or inelastic processes such
as photoluminescence or Raman scattering lead to new frequencies in the
emergent wave. The phase shift ∆ as well as changes in the amplitude ratio
tanΨ of one component with respect to the other is due to different reflection
properties of the sample parallel and perpendicular to the plane of incidence
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rp and rs. This difference is induced by different boundary conditions for
electric fields parallel and perpendicular to the interface. The macroscopic
optical response is then given by the relation between the E-field components
Ep,s and the complex reflection coefficients rp,s in the same direction:

Figure 5.1: The underlying principle of ellipsometry is measuring the change in polarization
state that a polarized, monochromatic light undergoes when it reflects from a surface at an
oblique angle φ due to differences between the reflection coefficients rp and rs parallel and
perpendicular to the plane of incidence. If the incoming light is linearly polarized and the
electric field vector E has components , 0 for Eip and Eis (with Eip = Eis at = 45◦) the ratio
is given by the ellipsometric angles Ψ (amplitude difference) and ∆ (phase shift).

Erp = rp · Eip =
∣∣∣Eip

∣∣∣ eiδp · Eip (5.1)

for E-field vectors parallel to the plane of incidence and

Ers = rs · Eis = |Eis| eiδs · Eis (5.2)

perpendicular to it. Here, the index i stands for the incident part of the beam
and r for the reflected part. The reflection coefficients are complex quantities,
given by the Fresnel equations:

rp =
n cosφ − n0 cosφrefr

n cosφ + n0 cosφrefr
rs =

n0 cosφ − n cosφrefr

n0 cosφ + n cosφrefr
(5.3)

The complex refraction indexes for the sample and the ambient are denoted
with n and n0. As already mentioned in chapter 2.1, the dielectric function
ε is the square of the complex refraction index n2 = ε. In most cases, the
sample is located in an air- or vacuum-environment, so that n0 turns to 1. The
refraction angle φrefr is connected to the the external angle through sinφrefr =
n0/nsinφ. From the ratio between the complex reflection coefficients parallel
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and perpendicular to the plane of incidence rp and rs arises an explanation for
the change of polarization via the directly measurable ellipsometric angles Ψ
and ∆:

rp

rs
=

∣∣∣rp
∣∣∣ eiδp

|rs| eiδs
=

∣∣∣rp
∣∣∣
|rs|

ei∆ =: tanΨei∆ =: ρ (5.4)

The dielectric function can be determined from the ellipsometric angles Ψ and
∆ in a straightforward manner. Assuming n0 = 1 the calculation directive is:

ε = sin2φ(1 + tan2φ

(
1 − ρ
1 + ρ

)2

) (5.5)

This equation is based on the consideration of a two-phase-model, that means
one regards the reflection from a exactly planar surface/interface in an isotro-
pic medium. For anisotropic media, the relationship becomes more compli-
cated. For biaxial anisotropic media the Fresnel formulas have to by modified
in following way [32]:

rp =
nxnz cosφ − n0(n2

z − n2
0 sin2 φ)1/2

nxnz cosφ + n0(n2
z − n2

0 sin2 φ)1/2
(5.6)

rs =
n0 cosφ − (n2

y − n2
0 sin2 φ)1/2

n0 cosφ + (n2
y − n2

0 sin2 φ)1/2
(5.7)

The complex refraction indexes nx, ny, and nz correspond to the optical axes
in the sample plane parallel and perpendicular to the plane of incidence, res-
pectively. The exact ellipsometric determination of these three independent
refractive indexes and the associated dielectric tensor components is only pos-
sible, if the sample is measured in three different geometries and/or angles of
incidence. In this work, only wurtzite samples, which are uniaxial anisotropic,
are investigated.

Brewster angle

In order to achieve the best possible precision of measurements, a high grade
of separation of the reflection coefficients rp and rs is desirable, because then
the complex ratio ρ becomes maximal. Therefore, the angle of incidence
should lie near or at the so called Brewster angle of the material in the spectral
range of interest. The absolute reflectivity parallel and perpendicular to the

plane of incidence, Rp =
∣∣∣rp

∣∣∣2 and Rs = |rs|
2, are a function of the angle of

incidence φ for a fixed wavelength. The Brewster angle is located where the
ratio has a maximum, while in general the parallel component is damped to
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nearly zero. The Brewster angle depends on the light frequency. For ZnO and
many other semiconductors we choose an angle of incidence around 67-68◦

for a energy range 2-10 eV and 45◦ for energies 10-30 eV, which provides a
good solution to nearly fit the Brewster angle in the region of interest.

5.1.1 Ellipsometry with Rotating Analyzer

Figure 5.2: Principle of an ellipsometer with rotating analyzer. The monochromator M and
the polarizer P are situated on the incident side of the setup, while a rotating polarizer A
on the probe side analyzes the light. Placing too many dispersive optical elements on the
detection side D may cause depolarization effects, which is mostly prevented by using the
shown configuration.

Basically, a spectroscopic ellipsometer consists of a light source, a monochro-
mator, a polarizer and an analyzer with a detector unit. In this thesis, a
rotating analyzer setup was used to measure Ψ and ∆. The ellipsis is scanned
over a full rotation angle of 360◦ with a linear polarizer. The resulting mo-
dulated intensity at the detector is converted into an electrical voltage signal.
The level of the modulation of an ellipsis is a 2ω function, comparable to a
2nd harmonic. The intensity as a function of the rotation angle is:

I[α(t)] = I0 + c2cos2α(t) + s2sin2α(t) = I0[1 + c2cos2α(t) + s2sin2α(t)] (5.8)

Processing the signal in a Fourier analysis, the Fourier coefficients of the 2nd
harmonic of the detector signal s2 and c2 are determined. The 2ω Fourier
coefficients are the actual quantities, which are measured in ellipsometry. It
should be assumed that every dispersive and reflective optical element of the
setup, apart from the sample itself, has a depolarizing (and also polarizing)
influence. As a consequence, the polarization property of the setup is defined
by a Stokes vector, while the single contributions are described by the Mueller
matrices for every optical component. Here, the complete formalism is not
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Figure 5.3: A scan over 360◦ with the rotating analyzer results in a 2nd harmonic (2ω)
sine-modulation with an offset equal to the minor axis of the ellipsis. The ellipticity is given
by the ratio between the mean value I0 and the amplitude Imax. For the case of circular (linear)
polarized signal the modulation is zero (maximal without offset).

shown, but can be found in [33]. One important result is the relation between
the measured Fourier coefficients and the ellipsometric angles by the use of
a correction parameter. This correction parameter must be determined for
every ellipsometric measurement in a calibration procedure and involves the
following process:

tan Ψ =

√
cos 2ΨA + c2

cos 2ΨA − c2

√
1 − P cos 2γ cos 2χ
1 + P cos 2γ cos 2χ

cos ∆ =
s2 cos 2γ sin 2χ ± sin 2γ

√

P2Ω2Φ − s2
2

PΩΦ

(5.9)

with Ω =

√
c2

2−cos2 2ψA

P2 cos2 2γ cos2 2χ−1 and Φ = cos2 2γ sin2 2χ + sin2 2γ

P and γ denote the level of polarization and therefore the ellipticity of the
incident light. In the ideal case of 100% linear polarized light the values are
P = 1 and γ = 0. The angle between the plane of polarization and the plane
of incidence is χ and is a combination of the tilt angle χT and a mechanical
offset χ0:

χ = χT − χ0 (5.10)
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ΨA is the polarization property of the analyzer and reaches unity in case
of ideal conditions. Finally, the correct ellipsometric angles Ψ and ∆ for
isotropic crystals are obtained and the dielectric function can be determined
from equations (5.5).

5.1.2 Ellipsometry with Synchrotron Radiation

The spectral range of conventional ellipsometers is always limited to ener-
gies below 10 eV for following reasons: In air atmosphere oxygen begins to
absorb light with energies higher than 6 eV and even in a purged nitrogen
environment, the transparency region ends at 10 eV. Also, there are no disper-
sive optical components, that transmit light much higher than above 12 eV.
Consequently, the optical investigation especially of semiconductors with
wide band gaps is limited only to the range around the electronic bandgap
but higher interband transitions are not reached. Isolators can only be inves-
tigated in the transparent region. An access to all interband and even the core
level transitions can be achieved by the use of synchrotron radiation in a high
vacuum environment. Based on a concept idea by Manuel Cardona, an ro-
tating analyzer ellipsometer was developed to operate in ultra-high vacuum
(UHV) environment in order to fit to a synchrotron accelerator. It should be
mentioned that this synchrotron ellipsometer is worldwide unique.

Ellipsometer UHV-Chamber

All optical components as well as the engines for the rotating units, the de-
tectors and the signal amplifiers are mounted completely in UHV. A sketch of
the setup, which currently uses the synchrotron storage ring of the Helmholtz
Zentrum (formerly known as BESSY II), can be found in figure 5.4. It mainly
consists of a main chamber with the sample holder manipulator, two analyzer
chambers, a polarizer chamber, a chamber for filters and the shutter and a
load lock. The analyzer chambers are mounted in angles of 67.5◦ and 45◦with
respect to the incoming radiation in order to fit the Brewster angles for 2-10 eV
and 10-30 eV that holds for most semiconductors, metals and isolators. In the
low energy range up to 10 eV, MgF2 Rochon prisms are employed and for the
high energy range above 10 eV, the radiation can be linearly polarized and
analyzed by a triple-gold-reflection-polarizer (see inset of Fig: 5.4). Details
can be found in [33]. Two manipulators are available, a 5-axis stage sample
holder with a 20 W heater, where samples can be annealed up to 1200K (direct
heating) and cooled with liquid nitrogen down to 150 K and a closed cycle
helium cryostat providing only low temperatures down to 10 K. To permit
compatibility to the monochromator and the beam line the pressure must be
lower than 2 · 10−9 mbar, because then the ellipsometer chamber is directly
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Figure 5.4: Schematic view of the ellipsometer setup which is used in direct connection
to the synchrotron storage ring. It is described in the following from the right to the left
side: The stored electron bunch is accelerated by a bending magnet and therefore emits
synchrotron radiation in a wide spectral range from 0.01 eV-104 eV (far IR to hard X-ray).
The monochromator selects a wavelength from a certain energy range limited by its grating.
The monochromatic radiation passes a shutter and filter chamber and can be optionally
linearly polarized by either a Rochon prism or a gold-reflection-polarizer before it is reflected
by the sample mounted in the main chamber. There are two angles to choose by two analyzer
chambers 67.5◦ and 45◦. The signal is detected by Si-pin-photodiodes. The whole main
chamber can be tilted ± 20◦ around the radiation axis.

connected to the synchrotron storage ring. Detailed studies showed, that the
pressure must be much lower to prevent water condensation and other conta-
mination on the sample surface when cooling to temperatures of 10 K. This
is a consequence of the fact that ellipsometry is highly sensitive for surface
properties. Even a thin overlayer of condensed water causes a damping and
falsifies the spectra considerably. The high energy limit for measurements
depends on the the reflectivity of the samples. Above the plasmon edge of
the material the reflectivity decreases rapidly and amounts to nearly zero at
32 eV for 45◦ angle of incidence. The general situation can be regarded in Fig:
2.1.

Beamlines and Monochromators

In order to cover the whole spectral range from the excitonic transitions up
to the interband and core level regime of wide band gap materials, the use
of two different beamlines equipped with monochromators with different
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operation principles and energy ranges is necessary. For the excitonic region,
for instance in ZnO and CdS, the dipole beamline with an normal incidence
monochromator with a focal length of 3 meters is employed (3mNIM-1), while
for the high energy range a toroidal grating monochromator is applied (TGM-
4). The 2mNIM provides monochromatic radiation from 2-10 eV with a beam
divergence of (8 · 50) mrad and the spot size in focus is (500 · 100)µm horizontal
and vertical to the electron orbit. The energy dependent resolution with
entrance and exit slit sizes S1 and S2 is defined by:

∆E[µeV] = 0.448E2
[eV]

√
S2

1[µm] + S2
2[µm] (5.11)

This leads to a resolution of 100µeV for the used slit sizes at 3 eV. All angles
are always chosen to be near 0ĉirc or 180ĉirc to achieve the lowest possible
depolarization level. For measurements between 7 and 32 eV we used the
TGM-4 beamline with a beam divergence of (3 · 6) mrad and a spot size of
(300 · 100)µm in focus horizontal and vertical to the electron orbit. The reso-
lution is a bit lower than for the 3mNIM but the smallest interval at which
measurements were made was 2 meV.

5.1.3 Models for Anisotropic Crystals

According to the expression of the dielectric tensor (3.27) one has to determine
every independent component dielectric function along the principal axes in
the crystal. The definition (5.4) has to be modified for anisotropic solids using
the four Jones reflection coefficients:

tanΨei∆ = ρ =
(rpp

rss
+

rsp

rss
tanχ

) (
1 +

rps

rss
tanχ−1

)−1
, (5.12)

with

tanχ :=
Eis

Eip
. (5.13)

Again, χ refers to the angle between the plane of incidence and the polariza-
tion of the incoming beam. In contrast to the isotropic case, the angles Ψ and
∆ are not implicitly independent on the the given polarization of the incident
light. Thus, the sample has to be measured in several different orientations,
with different angles or polarizations referring to their amount of symmetry
axes, to fully determine the dielectric/ reflection matrix. This is especially
challenging for low symmetry crystals and often leads to practicable pro-
blems. To point out the specific type of measurements, the method is also
often called “generalized ellipsometry”.
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Uniaxial anisotropic crystals

The material under investigation are exclusively wurtzite single crystals and
homoepitaxial epilayers, with hexagonal unit cells which are uniaxial aniso-
tropic. As already mentioned in expression (3.27), two independent compo-
nents of the dielectric properties referring parallel and perpendicular to the
principal c-axis have to be determined. Practically, problems arise when dea-
ling with samples grown with the c-axis normal to the surface, which is the
most common growth mode (particularly for epilayers) so far. In this case, a
scalar complex dielectric function will be determined by ellipsometric mea-
surements, which is calculated within the isotropic two phase model. Under
these conditions the mixing with the extraordinary component ε is small but
not negligible, therefore one speaks of the pseudodielectric function 〈ε〉. A ra-
ther simple approximate solution for a separation of the extraordinary part
from the pseudodielectric function was developed by Dave Aspnes [34] and
is based on a first order expansion and assumes that the anisotropies are small
corrections to an isotropic mean value:

〈ε〉 = ε +
ε − sin2 φ0

(ε − 1) sin2 φ0
∆εx −

ε cos2 φ0 − sin2 φ0

(ε − 1) sin2 φ0
∆εy −

1
ε − 1

∆εz (5.14)

with εx = ε + ∆εx, εy = ε + ∆εy, and εz = ε + ∆εz (5.15)

This correction reveals the small influence of the εz-component normal to the
surface due to the fact, that if the sample is optically thick (n0 � n1), the
incident beam is refracted towards the direction of the surface normal, so that
the electric and magnetic field vectors are nearly parallel to the surface.
The only way to access the extraordinary component with ellipsometry is
to use samples with the c-axis parallel to the surface. Then, the c-axis can
be oriented either parallel (α=0) or perpendicular (α = π/2) to the plane of
incidence, where α are the azimuthal rotation angles corresponding to the
two high symmetry orientations. In both cases, a diagonalized reflection
matrix with independent reflection coefficients for s- and p-polarized light is
obtained. The corrections suggested in (5.14) then sufficiently separate the
ordinary and the extraordinary part of the dielectric tensor. For the complex
ratio ρ these components are determined using:

ρ0 =
r1pp

r1ss
=


√
ε⊥ε‖ cosφ0 −

√
ε⊥ − sin2 φ0

√
ε⊥ε‖ cosφ0 +

√
ε⊥ − sin2 φ0




cosφ0 −

√
ε⊥ − sin2 φ0

cosφ0 +

√
ε⊥ − sin2 φ0


−1

(α = 0)

(5.16)
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or

ρπ/2 =
r2pp

r2ss
=


ε⊥ cosφ0 −

√
ε⊥ − sin2 φ0

ε⊥ cosφ0 +

√
ε⊥ − sin2 φ0




cosφ0 −

√
ε‖ − sin2 φ0

cosφ0 +

√
ε‖ − sin2 φ0


−1

(α = π/2)

(5.17)
Performing this, four coupled nonlinear equations have to be solved numeri-
cally:

〈ε1〉0 = f1[ε1⊥, ε2⊥, ε1‖, ε1‖] for (α = 0)
〈ε2〉0 = f2[ε1⊥, ε2⊥, ε1‖, ε1‖] for (α = 0)

〈ε1〉π/2 = f3[ε1⊥, ε2⊥, ε1‖, ε1‖] for (α = π/2)
〈ε2〉π/2 = f4[ε1⊥, ε2⊥, ε1‖, ε1‖] for (α = π/2)

(5.18)

For the numerical calculation of this set of nonlinear equations, a commercial
available software is used. The ambient refractive index is assumed to be
na=1. The ordinary and extraordinary dielectric tensor components ε⊥ and ε‖
can be determined from the pseudo-dielectric functions 〈ε〉 derived from the
measured ratio ρ in the two orientation within this instruction.

5.2 Reflectance-Anisotropy-Spectroscopy

Reflectance Anisotropy Spectroscopy (RAS), also known as Reflectance Diffe-
rence Spectroscopy (RDS), measures the amount of anisotropy in the complex
reflectivity of a material. In particular, it determines the difference in the
reflectivity for light polarized along two axes in right angle to each other at
the rate of the total reflectivity. Predominantly used for in − situ controlling
epitaxial growth processes of cubic or isotropic materials by analyzing exclu-
sively surface symmetries (reconstruction, changes in surface stoichiometry,
submonolayer...), we use it for fundamental investigation of anisotropic crys-
tals. For this purpose, the polarization axes are aligned in order to scan the
difference between the optical c-axis [0001] and the a-axis [1120] in hexagonal
crystals. The RAS-Signal is a dimensionless ratio:

∆r
r

= 2
r[1120] − r[0001]

r[1120] + r[0001]
(5.19)

The measured RAS signal is always a mixing of both, surface and bulk contri-
bution and is connected to the the bulk dielectric function via a surface die-
lectric anisotropy (SDA=∆ε · d), respectively. Here, the focus lies on the bulk
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anisotropy ∆ε (can also be considered as dichroism) and it is assumed that
probable surface layers are exclusively due to microcrystallites (from poli-
shing) or roughness, that are isotropic, arbitrary and thin. Therefore, the
relationship turns to:

∆r
r

=
∆ε

(ε − 1)
√
ε

(5.20)

RAS Sensor

The used RAS setup mainly consists of a Xenon high pressure gas lamp,
two MgF2 Rochon prisms (polarizer and analyzer), a photoelastic modula-
tor (PEM) and a monochromator. A sketch is shown in figure 5.5. Linear
polarized light encounters the sample under nearly normal incidence (< 3◦),
with the polarization direction rotated 45◦ with respect to the [1120] and the
[0001]-axis, respectively. The reflected light turns to elliptically polarized
light as the reflectance is different for the two axes. The analyzing unit is a
combination of a PEM and the 2nd prism. The PEM uses the piezoelectric
properties of a quartz-crystal to modulate its birefringence with an alternating

Figure 5.5: Sketch of the used RAS setup. Linearly polarized light is reflected from a sample
under nearly normal incidence. The (elliptically polarized) reflected light passes through
the photo-elastic modulator (PEM) and a second polarizing prism in 45◦ orientation. The
modulated intensity is analyzed by a monochromator-detector unit. The first RAS setups used
a rotating sample (for the modulation) and only one polarizing prism. Later, the sensitivity
was increased by introducing a photoelastic modulator (PEM) and a second polarizing prism
in combination with a Lock-In amplifier.
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voltage with a frequency of 50 kHz. It acts therefore like a dynamic retarder
and and produces a periodic phase shift between the components. The PEM
axis is oriented parallel to the polarization axis of the incoming light and the
analyzer prism is again rotated 45◦ with respect to that. A lock-in amplifier
is then used to read out the detector intensity behind the monochromator,
that scans the spectral dependence. If there is a anisotropy, the intensity is
modulated with 50 kHz:

∆r
r

=
(
1 +

∆r
r

A cos 2ωt
)

(5.21)

The modulation frequency of the PEM is ω. Here, we measure with 50 kHz
lock-in frequency the real part of the complex reflection ratio. For the imagi-
nary part, the lock-in has to detect modulations of 100 kHz.

5.3 Sample Characterization

Nominally undoped ZnO single crystals and epilayers were used in this study.
The single crystals are provided from different commercial suppliers: Four
different single crystals from Crystec, cut along the a-axis delivered in the
years 2002, 2005 and 2008, one MTI substrate sample also cut at the a-plane
and one c-plane crystal from Tokyo-Denpa. The growth methods are all
hydrothermal. Hydrothermal ZnO single crystals are grown in high pressure
autoclaves by means of direct temperature drop in aqueous solutions of KOH
+ LiOH at crystallization temperature 320-400◦C and pressure 20-70 MPa.
According to the company’s sample certificates, the CryTec crystals should
have lattice constants of a=0.325 nm and c=0.521 nm and the MTI sample
has a=0.3252 nm and c=0.5313 nm. The epilayers with ≈1µm thickness are
exclusively homoepitaxial samples grown by chemical vapor deposition on
a-plane substrates in the work group of Prof. B. Meyer, Universität Giessen.
Before growth, the substrates (Crystec) were tempered in oxygen atmosphere
at 1150◦C [35]. This procedure is supposed to remove polishing damages
and provides a step-like surface structure, which is needed for 2D-growth.
The annealing effects are particularly evaluated by comparing spectra of a
substrate in an ”as delivered”-state and in the tempered state, where special
surface properties are nicely visible in the spectra. The sample characteristics
are listed in table 5.1.
A surface oriented normal to the a-plane (or M-plane as an alternative) is
strongly desirable, since it provides access to both dielectric components, the
ordinary perpendicular and the extraordinary along the optical c-axis. By
using c-oriented samples, only the isotropic dielectric function, which gives
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Table 5.1: List of all samples used in this work.

Name Supplier Growth orientation surface
method treatment

Crystec1 CrysTec Co. hydrothermal a-plane polished
Crystec2 -”- -”- -”- polished

47 A -”- -”- -”- polished
47 T -”- -”- -”- tempered
MTI MTI Corp. -”- -”- polished

Tokyo-Denpa Tokyo-Denpa -”- c-plane 2x polished
16-1 Uni Giessen CVD a-plane epilayer
19-1 -”- CVD -”- epilayer
18-2 -”- CVD -”- epilayer

mainly the ordinary component, can be measured. Additionally, phonon
modes, which are forbidden by selection rules in c-plane orientation can be
observed in a-plane samples by Raman scattering. However, most samples
are still grown along the c-axis, which leads to better surface quality. But,
the use of a- or M- oriented films has the great advantage that electric fields
in plane are absent. These non- or semi-polar growth mode is therefore
favored for quantum wells or other low-dimensional thin structures, because
the quantum confinement is strongly affected by build in electric fields, also
called Stark effect or quantum-size effect. The result is a much better quantum
efficiency for nonpolar devices.

5.3.1 Raman-Scattering

In a Raman process, light is scattered inelastically by the generation of optical
phonons. Raman active phonons modulate the polarizability of the crystal.
ZnO has hexagonal symmetry, this means there is no inversion symmetry
and therefore, also IR active phonons may occur, which in turn modulate the
electric dipole moment.
ZnO, having 4 atoms per unit cell, has three acoustic and 3 · 4-3=9 optical
phonon branches. The eigenfrequencies of the optical phonons at k=0 are
given in table 5.2 according to [36]. The Γ1 and Γ5 states are optically dipole
allowed for the polarizations E‖c and E⊥c, respectively. Γ6 and one Γ3 modes
are also detected in the Raman spectra taken on the samples as displayed in
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Table 5.2: Raman active optical phonons in ZnO at the Γ-point. A possible variation of shift
energies of ± 2 cm−1 should be accounted generally for different samples [36].

Type Symmetry Raman shift Degeneracy
E2(low) Γ6 100 cm−1 2
B1(low) Γ3 240 cm−1 1
E2(high) Γ6 437 cm−1 2
B1(high) Γ3 540 cm−1 1
A1(TO) Γ1 380 cm−1 1
A1(LO) Γ1 577 cm−1 1
E1(TO) Γ5 410 cm−1 2
E1(LO) Γ5 590 cm−1 2

Fig: 5.6. This should be due to the fact that the wurtzite structure does not
have a center of inversion and the parity of the wavefunctions is not a good
quantum number. Moreover, strain and electric fields can yield a mixing of
states.

The spectra of the Raman shift were recorded with a Dilor XY 800 triple
grating monochromator with 1800 lines/ mm and a micro-optic producing a
500 nm sized light spot on the sample. An Argon-Krypton laser was used as
excitation source. The signal was detected with a LN2-cooled CCD in backs-
cattering geometry. For the a-plane surface, 4 different excitation geometries
can be achieved: The incident laser light is always parallel to the crystal’s
x-axis which fixes the index outside the bracket for the incident and the scat-
tered beam and the polarization plane can be adjusted in two different ways
for two oriented samples which is 0◦ and 90◦ with respect to the c-axis. The
resulting notation is then: x(zz)x, x(yz)x, x(zy)x and x(yy)x, where the over-
line stands for the backscattered direction. Obviously, the spectra of x(yz)x
and x(zy)x should be equal. For the c-plane sample, the surface can be rotated
arbitrarily and the polarization can be changed either in 0◦ or 90◦ geometry.
Two different spectra can be achieved with the incident/backscattered direc-
tion always parallel to the c-and z-axis: z(xx)z and z(yx)z (=z(xy)z). All in
all, we obtain 5 different oriented spectra showing different oscillators with
changed ruled by selection law from group theoretic considerations. The re-
sults are plotted in figure 5.6. The spectra were subsequently calibrated with
a Neon spectral lamp by using the 488line and the peaks were fitted with a
combination of a Fano function and a non-constant but linear background.
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Figure 5.6: Raman scattering spectra on an a-plane (top) and on a c-plane sample (bottom).
The geometry of the a-plane sample allows access to additional modes which are forbidden
by the selection rules for the c-surface. For the c-plane, the O-face and the Zn-face show an
overall resembling.

The Fano function is constructed by a Gauss and a Lorentz function with a
weighting term. From the fit, peak wavenumber and FWHM for the nonpolar
strain sensitive E2(high)-mode were deduced. This mode is assumed to be
not affected by free carriers or internal electric fields, but exclusively by strain.
The values for all samples are displayed in graph 5.7. To obtain reproducible
results, three different spots on the sample where measured and averaged. It
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has to be mentioned that a fluctuation in the shift energy of ±0.5 cm−1 at the
utmost was observed for the different spots whether due to lateral inhomo-
geneity of the sample or due to defocusing or other instabilities of unknown
source. This must be considered as error for the accuracy for all samples
measured with this setup/method.

Figure 5.7: Raman shifts and FWHM values of the nonpolar E2(high) mode for all samples
used in this thesis.

The definition of the E2(high) phonon energy value with a accuracy of better
than 1 cm−1 for totally unstrained relaxed ZnO crystal has emerged to be very
difficult. The published data show variances approximately in this range
between 437-438 cm−1[37]. The value of the E2(high) mode in the samples
studied here will be further discussed in section 6.1.4 in connection with the
dependence of the VB- and LT-splittings on build-in strain.

It turns out from the measurements that no explicit dependence or relationship
is observed for the different surfaces. Only a slight tendency for epilayers
exhibiting in general the highest shifts, while the FWHM values are rather
similar. The Raman shift of relaxed ZnO is assumed to lie somewhere between
437 and 438 cm−1 [37].

5.3.2 X-Ray Diffraction

The periodic three dimensional lattice of atoms in a crystal solid scatters X-
rays coherently leading to a constructive interference at specific angles. The
scattered X-rays of each lattice planes interfere constructively with each other
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Figure 5.8: Left: Rocking curves of the (1120) reflection for different samples. The peaks
in ω are analyzed by fitting their contributions with Gauss functions (thin lines). Right:
Sketch of a diffraction line for different strained crystals [38]. For a relaxed sample (a), for a
uniformed strained sample (b) and for a sample with non-uniform strain.

if the path difference ∆l is an multiple integer of the wavelength. This is
described by the Bragg condition:

∆l = 2d · sinθ = n ·λ (5.22)

With d being the distance between the lattice planes,θ is the incident/reflection
angle and λ is the wavelength. Crystal imperfections like strain contribute
to the XRD line as a broadening and need to be considered. Strain in a
crystalline material can result in two effects in diffraction pattern. If the stress
is uniformly compressive or tensile the lattice constants in the unit cell are
smaller or larger, respectively. This results in a shift of the peak position of
the reflection peak. A sketch of the situation can be regarded in figure 5.8.
If both, tensile and compressive forces act on a crystal, non-uniform strain
is produced and the resulting diffraction profile will be broadened about
the original position. A number of sources cause strain in crystals: defects,
vacancies, dislocation and shear planes etc. The effect of residual stress in a
lattice will cause a distribution of d-values about the normal, unstrained dhkl-
value. While the average d-spacing remains constant, there is a distribution
of d-values with an equivalent range of 2θ values resulting in a broadening
of the diffraction line.
In this work the structural and crystal quality analysis for alls samples was
done by using a Philips X-Pert Pro materials research diffractometer em-
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Figure 5.9: ω − 2Θ-scans of the (0002) and (1120) reflection of c-plane and a-plane ZnO
samples.

ploying the Copper Kα1 radiation, a four-crystal monochromator set and a
Germanium detector in the primary beam. First, anω scan is recorded around
the expected reflection angles of 28.3◦ for the [1120] in the a-plane and 17.3◦

for the [0002] in the c-plane samples. The rocking curves provide information
about the exact orientation and the widths of peaks are a quality feature. Then
a wide range ω − 2θ-scan is performed in order to check the occurrence of
additional symmetric reflection signals.
The results were used to evaluate the surface and crystal quality. Some
epilayers exhibit a layer and a substrate peak being different in angle and
FWHM. Some weak satellite peaks are observed most likely being reflections
of different facets like the (100). Except the epilayer 18-2, all other samples
resemble each other.
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See first, think later, then test.
But always see first.
Otherwise you will only see
what you were expecting.

Douglas Adams

The first optical studies of ZnO around the fundamental absorption edge were
done already in the late 50’s by Thomas [20] with reflectivity measurements.
Different interpretations for much of the observed structures have then been
given by Park et al. [22] which led to a discrepancy between the values
quoted for the spin-orbit splitting. Indeed, the interpretation of the reflection
spectra, which are highly complex in the vicinity of the band gap region, is
very complicated and caused a long lasting debate particularly concerning
the correct valence band ordering [39]. Ellipsometric measurements on ZnO
published so far, e.g. [40–42], could not resolve the energetic positions of A
and B excitons. The most recent work is shown in Fig: 6.1. Possible reasons
can be either an overlayer of condensed water on the surface, if cooling in a
non-UHV environment, which causes a considerable damping of structures,
or from an insufficient resolution of the monochromator.
In this chapter, an experimental study of the complex absorption structure in
the vicinity of the fundamental band gap of ZnO is presented. In particular,
the anisotropic optical functions of single crystals and homoepitaxial grown
layers with a variety of different surface terminations (polar and nonpolar,
Zn- and O-face) were measured with ellipsometry for different temperatures
ranging from room temperature down to 10 K. The characterization data of
the samples can be found in section 5.3. A detailed analysis concerning the
multimode formation of exciton-polaritons and the influence of build-in strain
on the valence band splittings is given as well as their temperature depen-
dence. The phonon assisted exciton sidebands or exciton phonon complexes
(EPCs) are mainly distinguished from the excitonic transitions, especially into
higher quantum states, by their very different temperature behavior. For the
sections strain and temperature dependence and the EPC related section, a
short introduction containing fundamental theoretic background is preceded
for the sake of clarity.
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Figure 6.1: Recently published (Jan. 2010) complex dielectric function of ZnO obtained
from ellipsometry by Shokhovets et al. [42].

6.1 Excitonic Polaritons

The amplitudes of the intrinsic (free) excitonic peaks show extreme sensitivity
to changes in temperature and their intensity increases considerable on co-
oling. Although already visible at room temperature, a detailed analysis and
assignment can only be done accurately at low temperatures. This is mainly
explained by the fact, that the two uppermost valence states are in near re-
sonance due to the very small absolute value of the spin-orbit splitting. The
damping of peak structures by the thermal electron phonon scattering merges
the two structures into one broad. Moreover, the local minima in the real part,
which indicate the regions of the reflection stop-bands, are lifted and the zero
crossing point at the longitudinal wave solution is assumed to be falsified.

6.1.1 Identification of Resonances

The a-plane samples were oriented with the c-axis perpendicular or parallel
to the plane of incidence, so that the p-polarized electric field component is
Ep and Ep. In this case, the tensor components can be separated more readily
with a two phase model (equation 5.14) and a correction of the so called
pseudo-DF to the ordinary and extraordinary DF ε⊥ and ε‖ was processed by
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using the Fresnel formulas for uniaxial anisotropic media (see chap. 5.1.3).

Figure 6.2: (a) Real and (b) Imaginary part of the DF and (c) Reflectivity obtained from
ellipsometry, (d) RAS and (e) Dispersion relation for n=1 exciton-polaritons. The transverse
(longitudinal) energies are marked with solid (dashed) lines. The RAS data resemble the peaks
for E⊥c with positive values while the peaks in E‖c are negative. The close resonance of the
A and B results in a considerable distortion of branches due to level repulsion.

The principal assignment of structures in the dielectric function of ZnO mea-
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sured with ellipsometry will be demonstrated on a single crystal sample as a
showcase. The ellipsometric spectra, showing the complex dielectric tensor
components in the vicinity of the band gap at T=10 K of the sample Crys-
tec1 is given in Figure 6.2. For an analysis it is very important to regard
the interdependent relation of the real and imaginary part at distinct struc-
tures, whereas the imaginary part is directly proportional to the absorption
(6.2(a) and (b)). Moreover, the absolute reflectivity is directly deduced from
the DF using equation (2.15) and can nicely be used for the comparison to
published data. The reflectivity can be divided into parts parallel and per-
pendicular to the plane of incidence, which provides additional information
and is displayed in 6.2(c). Reflectance Anisotropy Spectroscopy (RAS) was
also performed (6.2(d)). The crosschecking with RAS is very useful to verify
ellipsometric data for anisotropic crystals [43]. The RAS gives the amount of
anisotropy by the ratio of the difference of reflectivity parallel and perpendi-
cular ∆r[1120]−[0001] and the total reflectivity. At isotropic points of the optical
functions, where ε⊥ and ε‖ are equal, the RAS signal is zero, if a residual sur-
face induced anisotropy (e. g. reconstruction) is absent or negligible. Finally,
the k-dependence was calculated by inserting the parameters for the exciton-
polariton eigenenergies into equation (3.17) in order to show the principal
dispersion and the different branches for the material. For the calculation,
the experimental values for ε⊥b =6.69 and ε‖b=7.47 for the excitonic region were
used. The longitudinal wave solution at k=0 marks also the onset of the up-
per polariton branch (UPB), going over into a photon-like dispersion, while
the lower polariton branch (LPB) becomes exciton-like within the bottleneck
region (details can be found in chapter 3). The strong interaction of very close
lying oscillators, the type which are described in section 2.5, namely the A and
B excitons in ZnO, has to be taken into account by a superposition of their reso-
nances and shows up in a considerable distortion of the polariton branches as
displayed in Fig: 6.2(e). This explains the fact, that the LT-splitting is strongly
reduced for the A exciton, while it is increased for the B exciton-polariton (see
Tables 6.1-6.8). It is therefore not possible to deduce the oscillator strength by
these splittings correctly which should actually both have the same value [13].

Transverse and Longitudinal Eigenenergies

For the detailed description of the optical response functions closely below
the band gap we consider the three exciton series which are described in
section 4.2.2. We identify the transverse resonance energies ~ω0 by the lo-
cal maxima in the imaginary part ε2 and the longitudinal resonance ~ωL by
the zero crossing point towards positive values (the high energy end of the
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negative region) of the real part ε1 corresponding to the Lorentz Oscillator
model. A detailed description of the identification of transverse and longi-
tudinal eigenfrequencies is given in chapter 2.4. The use of the two “quasi”
independent quantities of ε allows a direct and very precise determination
of both resonances ω0 and ωL and the transverse-longitudinal splitting ∆LT.
By contrast, in reflectivity measurements (Fig 6.2 (c)) where finite damping
causes always a considerable broadening in the spectral width of the stop-
band, the determination of ω0 can only be obtained by a very complicated
line shape analysis.

Ordinary and Extraordinary Polaritons

The ordinary tensor component ε⊥ was obtained by an ellipsometric measu-
rement with k in the xy-plane (normal to the c-axis), therefore oscillators with
Γ5 symmetry, A(Γ7) and B(Γ9) oriented along x and y are excited. We find a
nondegenerate transverse and a longitudinal branch for E‖y and E‖x, respec-
tively. The extraordinary tensor component ε‖ was measured with the E-field
vector oriented 20◦ to the plane containing both the wave vector and the c-
axis. The external angle between k and c is 23◦, hence k can be divided into
two components. For the one component k‖c, only pure transverse modes
are expected, while for the other component k⊥c and E‖c only longitudinal
excitons are allowed.

Figure 6.3: Angle dependence of the LT-splitting of the mixed mode polariton [13].

For angles in between, mixed-modes will appear, which have components
of both transverse and longitudinal polarizations [44]. The situation in k-
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space is sketched in Fig: 6.3. As a result, the extraordinary polariton C(Γ1)
, which couples only to E‖c, and a mixed mode polariton is observed. For
the mixed mode, the absorption peak for the transverse eigenmode ωmix

0
exactly matches ωB

L of the ordinary part. The value of ωmix
L is again obtained

by ε‖1 = 0. The LT-splitting of the mixed mode is 4.3 meV. From ∆LT(φ) =

∆LT(0◦) cos2 φ, however, this could imply that the actual LT-splitting of the
B exciton-polariton should be around 5.2 meV without level repulsion of the
A-exciton.

Anomalous Peaks

Regarding the additional absorption structure at ωmix
L in ε2 it is obvious that

this is not consistent with the corresponding real part ε1 when applying the
Lorentz oscillator model and Kramers-Kronig relations. Owing to the effort
of Hopfield, Thomas, Pekar and Lagois [45–47] there exists already a quite
good understanding of the experimental findings of anomalous peaks by the
involve of an exciton free surface layer (“dead layer”) in connection with
additional boundary conditions (ABC) for the Maxwell equations as a conse-
quence of spatial dispersion. We believe that this anomalous peak relates
to multiple reflection interferences, which takes place in the “dead layer”,
which may be thicker than the pure Bohr radius due to surface imperfec-
tions. The dead layer assumption will be proven in the next chapter with
a novel approach for ellipsometric modeling including a layered stack with
the possibility of a kind of Fabry-Perot interferences in the surface and an
additional interface. Also, small misalignments of the c-axis can result in
slight admixtures of states and the weak appearance of the mixed mode and
CL(Γ7) in ε⊥ and BL(Γ9) in ε‖ is seen as a consequence. Narrow anomalous
spikes due to isotropic points were also reported [48] and explained by an
energy transfer from one polarization to another. To address this problem,
the RAS-measurements in the spectral region of interest could clarify this pro-
blem. The RAS measurements were performed at almost normal incidence,
therefore the mixed mode is expected to disappear, like it can be seen in Fig:
6.2(d). Indeed the mixed branch vanishes but the anomaly does not. It again
does not coincide with the isotropic points, therefore we prefer the interpre-
tation of the dead layer effect. It has to be noticed, that the RAS spectrum
was recorded at T=120 K, hence the A and B structures are not resolved and
the corresponding structures are subsequently shifted about 9 meV to higher
energies.
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6.1.2 Spectra of Single Crystals

The findings of the previous section will now be carried out on all other
samples, which differ in their origins, surface treatments, surface terminations
and orientations. These differences are believed to yield to variations in their
build-in strain levels due to defects or polishing damages.

Figure 6.4: Complex dielectric tensor components of the excitonic region of the a-plane
substrates. The transverse (longitudinal) energies are marked with solid (dashed) lines. The
anomaly is marked with an arrow.
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The measured spectra in the excitonic region of the a-plane single crystals
crystals is shown in Figs: 6.4 and 6.5. The anomaly appears to be highly
specific and sensitive to the sample’s origin. In the Crystec2, the anomalous
spike even dominates the whole spectrum, while it looses relative intensity
in the other samples. The physical origin of the spike will be discussed in
chapter 7.

Table 6.1: Exciton-polariton parameters Crystec1 in eV

Exciton Polarization ~ω0 ~ωL ∆LT [meV] n=2
AΓ7 ⊥ 3.3778 3.3805 2.70 3.4214
BΓ9 ⊥ 3.3834 3.3940 10.63 3.4276
CΓ7 ‖ 3.4224 3.4345 12.14 3.4630

mixed mode ‖ (weak⊥) 3.3934 3.3977 4.32
anomaly ‖ (weak⊥) 3.3979

Table 6.2: Exciton-polariton parameters Crystec2 in eV

Exciton Polarization ~ω0 ~ωL ∆LT [meV]
AΓ7 ⊥ 3.3793 3.3818 2.478
BΓ9 ⊥ 3.3853 3.3949 9.647
CΓ7 ‖ 3.4252 3.4368 11.560

mixed mode ‖ (weak⊥) 3.3948 3.3996 4.718
anomaly ‖ (weak⊥) 3.3998

The assignment of the intermediate peak near ωB
L for the MTI sample is

rather challenging. It is impossible to distinguish the mixed mode peak
from a potential anomaly. One reason may be that the two measurements
in two orientations (0◦ and 90◦) were accidental made on two different sides,
bottom and top on the sample, which is polished on both sides. Within the
ellipsometric data processing, in order to correctly separate the components
with the anisotropic Fresnel formulas, the spectra were falsified. The error
will be most apparent in the region mostly sensitive to the specific surface,
namely the region of the anomaly.
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Figure 6.5: Complex dielectric tensor components of the excitonic region of the a-plane 47A
and MTI sample. Note that the MTI graph is shown in another energy range.

Table 6.3: Exciton-polariton parameters of 47A in eV

Exciton Polarization ~ω0 ~ωL ∆LT [meV]
AΓ7 ⊥ 3.3800 3.3828 2.74
BΓ9 ⊥ 3.3858 3.3945 9.13
CΓ7 ‖ 3.4257 3.4357 10.03

mixed mode ‖ (weak⊥) 3.3953 .. ..
anomaly ‖ (weak⊥) 3.3993
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Table 6.4: Exciton-polariton parameters of MTI in eV

Exciton Polarization ~ω0 ~ωL ∆LT [meV]
AΓ7 ⊥ 3.3820 3.3849 2.92
BΓ9 ⊥ 3.3880 3.3976 9.60
CΓ7 ‖ 3.4231 3.4345 11.41

mixed mode ‖ 3.3990 .. ..
anomaly ⊥ 3.4016

Figure 6.6: Comparison between the Zn- and the O-face of the c-plane Tokyo-Denpa sample.
Note, that the exciton energies have are changed between the different surface terminations.

It has to be mentioned, that each configuration for the ellipsometric measure-
ment of one tensor component corresponds to a slightly different wave vector
for the same energy, because the angle between k and c varies. As a conse-
quence, the energetic positions of the same excitonic resonance, measured in
a different configurations, varies. This is most apparent by comparing the
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energetic values of the A and B (and also the C) exciton-polariton parameter
of a- and the c-plane samples in tables 6.1-6.4 and 6.5. Not only the energetic
positions but also the LT-splitting ∆LT is obviously changed by the different
angle. But there may be an additional shifting of absolute energies by build-in
strain and/or electric fields or even different surface terminations. This ex-
plains the fact that different energies are observed for the exciton-polaritons
for the Zn-face and the O-face of the same sample in the same configuration
(same angle) displayed in figure 6.6.

Table 6.5: Exciton-polariton parameters of sample Tokyo-Denpa obtained from el-
lipsometry in eV

Exciton Polarization ~ω0 ~ωL ∆LT [meV]
AΓ7 ⊥ 3.3769 3.3810 4.014
BΓ9 ⊥ 3.3839 3.3975 13.507 O-face
CΓ7 ‖ 3.4250

anomaly ‖ (weak⊥) 3.4000
AΓ7 ⊥ 3.3800 3.3839 3.995
BΓ9 ⊥ 3.3865 3.4019 15.495 Zn-face
CΓ7 ‖ 3.4265

anomaly ‖ (weak⊥) 3.4040

6.1.3 Spectra of Epilayers

The complex dielectric tensor components for the epilayer sample are dis-
palyed in Fig: 6.7 together with the annealed 47T epiready substrate. The
exciton-polariton splitting parameter and eigenenergies are listed in tables
6.6-6.8. The structures and amplitudes of all epilayers under investigation
are damped and broadened comparing to the single crystals. This makes an
identification of the longitudinal eigenenergies, especially for the A-exciton
very difficult. In all epilayers, the anomaly is completely absent, which gives
rise to relate it to a surface effect.
The epilayer samples show in general a much better photoluminescence of
bound excitonic states when cooling, than the single crystals, where in turn
the free excitons are dominant. In the ellipsometric spectra, the free excitonic
structure are very weak and broadened in the epilayers and very pronoun-
ced in the bulk samples. It seems that there are likely two competing me-
chanisms: the defect luminescence is dominant in the epilayers, while the



66 6. Optical Functions of ZnO at the Band Edge

Table 6.6: Exciton-polariton parameters of 18-2 obtained from ellipsometry in eV

Exciton Polarization ~ω0 ~ωL ∆LT [meV]
AΓ7 ⊥ 3.3802 3.3824 2.28
BΓ9 ⊥ 3.3860 3.3943 8.37
CΓ7 ‖ 3.4251 3.4376 12.52

mixed mode ‖ (weak⊥) 3.3953 .. ..

Figure 6.7: Complex dielectric ten-
sor components of the epilayer (and
the 47T epiready) samples.

substrates show only weak luminescence by laser excitation. It can therefore
be concluded, that there is much higher defect concentration in the epitaxial
samples.
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Table 6.7: Exciton-polariton parameters of 19-1 obtained from ellipsometry in eV

Exciton Polarization ~ω0 ~ωL ∆LT [meV]
AΓ7 ⊥ 3.3802 3.3823 2.01
BΓ9 ⊥ 3.3857 3.3939 8.17
CΓ7 ‖ 3.4228 3.4351 12.23

mixed mode ‖ (weak⊥) 3.3939 .. ..

Table 6.8: Exciton-polariton parameters of 47T obtained from ellipsometry in eV

Exciton Polarization ~ω0 ~ωL ∆LT [meV]
AΓ7 ⊥ 3.3817 not resolved 2.0
BΓ9 ⊥ 3.3873 3.3958 8.51
CΓ7 ‖ 3.4245 3.4353 10.79

mixed mode ‖ (weak⊥) 3.3934 3.3977 4.3
anomaly ‖ (weak⊥) 3.3979

Figure 6.8: Imaginary parts of all epitaxial layer samples (solid lines). For comparison, the
substrate spectrum is also shown (dashed). A noticable broadening of peaks is observed for the
epilayers. The anomaly is completely absent in all layer films. For the MBE grown sample, a
separation of A and B contributions is not possible anymore.
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After annealing, the anomalous peak has completely disappeared. The tem-
pering procedure was done on all substrates before they were used for the
epilayer growth (epiready). The difference between the 47A and the 47T is
that the 47A is measured in the ”as delivered” state and the 47T is a former
peace of the 47A which tempered in oxygen atmosphere at 1150◦C. For details
see ref: [35]. This procedure is supposed to remove polishing damages and
provides a step-like surface structure, which is needed for 2D-growth. Such
a tempered substrate is then used as ”epiready” substrate for the epitaxial
overgrowth, such as the epilayers used in this study.

Figure 6.9: Imaginary parts of the tensor components of the same sample before and after
annealing.

6.1.4 Strain Dependence

To evaluate the build-in strain level in a sample, XRD and Raman scattering
measurements were performed for every sample. The general description
and results can be found in section 5.3. From Raman scattering, the E2(high)-
mode is especially interesting because it is sensitive to deviations in the c lat-
tice constant or the c/a-ratio. Unfortunately, there exists no accurate reference
values yet for the Raman active E2(high) phonon mode or the [1120] Bragg
reflection angle for totally untrained relaxed ZnO. Therefore, a quantitative
definition of the strain in the sample is almost impossible but an qualitative
evaluation of the interdependence between Raman, XRD and valence band
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Table 6.9: Relationship between XRD (in degrees◦; arcsec”), Raman (in cm−1), valence band
splitting and LT-splitting (in meV). The marks (l) and (s) refer to “layer” and “substrate”

Sample XRD ω FWHM Raman shift ∆AB ∆BC ∆A
LT ∆B

LT ∆C
LT

crystec 1 28.17◦; 165” 438.7 5.6 39.0 2.7 10.6 12.10
crystec 2 28.24◦; 151” 437.5 6.0 39.9 2.48 9.65 11.56

47A 28.27◦; 255” 438.5 5.7 39.9 2.74 9.13 10.03
28.34◦; 234”

47T 28.30◦; 280” 438.6 5.6 37.1 .. 8.51 10.79
MTI 28.38◦; 149” 437.0 5.95 35.1 2.85 7.44 10.84
19-1 28.32◦; 142” 439.4 5.5 37.1 2.01 8.17 12.23
16-1 28.29◦; 86.4”(l) 438.8

28.31◦; 151” (s)
18-2 28.29◦; 40.7”(l) 437.0 5.8 39.1 2.28 8.37 12.52

28.32◦; 136”(s)
TD O-face 17.31◦; 169” 437.3 6.7 .. 3.76 13.85 ..
TD Zn-face 17.24◦; 90.0” 437.3 6.2 .. 3.80 15.42 ..

splitting gives at least a rough estimation of the strain dependence of excitonic
polaritons. Theoretical calculations are consulted in order to verify the inter-
pretation of the found results. In fact, all investigated ZnO single crystals and
homoepitaxial epilayers show a rather large variation of both Raman shift of
the strain sensitive E2(high) mode and the XRD normal axis reflection. The
Raman and XRD graphs of all samples studied in this work can be regarded
in section 5.3.1. This is consistent with the reported values for the c and a
lattice constants in the literature from different workers who used different
samples [31]. This can be explained by the fact that the samples available
from different growers, research or commercial suppliers, show still a large
variation of impurities of different kinds and different concentrations. It is
even assumed that many samples comprise nearly the whole periodic sys-
tem as unintentional ingredients in a certain concentration, where the most
prominent impurity is Lithium or Chlorine. Since impurities, vacancies and
lattice imperfections always lead to strain fields, the samples with different
origin are believed to exhibit different strain levels, what explains the diffe-
rences in XRD and Raman data. In the following, a correlation has been made
between the differences in valence band splitting (connected to different crys-
tal field and spin orbit splittings), but also to a variation in the LT-splitting for
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the individual polaritons. All parameters are collected in table 6.9 for every
used sample.

Figure 6.10: Ab-initio calculation of the uniaxial strain dependence within the HSE code
including GW approxiamation and spin-orbit interaction of the upper valence bands.

Consulting ab−initio calculations of the uniaxial strain dependence of the split
states at the valence band maximum done by Andre Schleife, University Jena,
it is obvious that mainly the C-band is affected because it is most sensitive to
changes of the crystal-field splitting. The A and B resonance energies, being
more sensitive to the spin-orbit splitting show a weak shifting and no crossing
is observed.

6.1.5 Temperature Dependence

The Γ point transition structures shift to lower energies with increasing tem-
perature and are accompanied by a broadening of their spectral line width.
The temperature dependence of (excitonic) band gaps has been identified to
arise from the superposition of the thermal expansion of the lattice coupled
with an energy shift of the electrons and electron-phonon interaction at a
constant volume, while both effects being dependent on the thermal popu-
lation of the phonon modes. The latter results in a direct renormalization of
the band energies. The occupation of modes is ruled basically by the Bose
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Figure 6.11: Imaginary part of the DF for sample 47T for different temperatures.

statistic, because phonons have integer spin.(
eβωqj − 1

)−1
(6.1)

with β = ~kBT and ωqj being the frequency of the involved phonon mode.
However, traditionally the temperature variation of band gap energies is
modeled by the phenomenolical Varshni formula [49]:

Eg(T) = Eg(T = 0) −
αT2

T + ΘD
(6.2)

where α is the model parameter in the dimension of eV K−1 and ΘD is the
Debye temperature of the material. Another empirical model, based on the
theory of the temperature shift produced by electron-phonon interaction pro-
posed by Lautenschlager et al. [50], takes into account the Bose-Einstein
occupation rule:

∆Ekn = ab

(
1 +

2
eΘ/T − 1

)
(6.3)

where Θ is the value of the average phonon temperature (in K) at the zone
center (or the corresponding high symmetry point in the BZ, when regarding
higher interband transitions). The fit parameter ab has a more physical mea-
ning, namely it stands for the strength of the electron-phonon interaction.



72 6. Optical Functions of ZnO at the Band Edge

The broadening or damping parameter Γ of the linewidth can be modeled in
a similar way:

Γ(T) = Γ1 +
(

Γ0

eΘ/T − 1

)
(6.4)

Figure 6.12: Excitonic peak energies as a function of temperature for sample 47T. The symbols
show the experimental values which are fitted with both the Varshni and the Bose-Einstein
expression (black and red solid lines). The slope of the C-excitonic shift is different from the
A and B slope, that are rather parallel.

Ellipsometric spectra in the vicinity of the band edge were taken for five
different temperatures ranging from 10 K to room temperature. The ground
state excitonic energies variation for every sub-band is fitted by a nonlinear
curve fit procedure involving both Varshni and Bose-Einstein functions, after
the peak energies were found by Lorentz peak analysis. The energies together
with the fits are plotted in figures 6.12 and 6.13. The fit parameters are
shown in the tables 10.1-10.3 in the appendix. The Bose-Einstein function
is found to yield to a better agreement than the Varshni expression. The A
and B excitons were very difficult to separate for higher temperatures and a
accurate B excitonic peak energy for RT was not possible to obtain, therefore
it is missing in the plots. An estimation of the consecutively fitting curve is
though given by an extrapolation to 295 K. It is very surprising, that the C
excitonic peak shifts with a different slope than the A and B excitons, which
in turn show parallel curves with the same slope. This is in discrepancy to
the temperature behavior of CdS and CdSe excitons [51]. For ZnO, slightly
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different slopes are also obtained by Alawadhi [52], where indeed the C shift
has a steeper slope and the A and B remain nearly parallel up to 300 but then
slightly diverge. It has to be noticed that an erroneous slope could arise from
the difficulty to separate A and B for room temperature, on the other hand
the, even an accidentally mix-up of A and B would not lead to a principal
change.

Figure 6.13: Excitonic peak energies as a func-
tion of temperature for different samples. The
symbols show the experimental values which
are fitted with both the Varshni and the Bose-
Einstein expression (black and red solid lines).

The slope of the C-excitonic shift for the a-plane samples 47A and MTI is
different from the A and B slope, that are rather parallel.

6.2 Higher Quantum States

Assuming Mott-Wannier-type excitons, the separation of first and second ex-
cited quantum states (n=2,3) apart from their respective ground states (n=1)
should be in agreement with the 1/n2 relation according to the hydrogen
model involving s-wavefunctions. The detection of hydrogen-like series in
the optical spectra is especially important for the determination of the exci-
ton binding energies (the Rydberg energy). On the other hand, the binding
energy is pointed out to be a complex quantity, that may include contribu-
tions of different origins, e. g. anisotropy, electron-hole exchange interaction
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or screening effects [53]. Another problem in determining the exciton ener-
gies for quantum states higher than the 2nd excitation (n=2) consists in the
broadening of their lines due to the decomposition from s- into p-states [54].
From the measured spectra, the binding energies of the excitons is rather hard
to determine with a satisfying accuracy. The H-like series from the ground
n=1 state into the excited n=2,3.. states are indeed visible in the absorption
spectra, but may be perturbated and superposed by the phonon sidebands
and the other above mentioned effects. Therefore, the binding energies will
be determined by fitting the spectra with a model containing the Rydberg
energy as an parameter. The results can be found in the chapter 7.

6.3 Exciton-Phonon-Complexes

Figure 6.14: Imaginary part of the extraordinary DF in the vicinity of the phonon assisted
exciton absorption. The measured spectrum was not processed at all (raw data). The doublet
features are denoted L1a,L1b (one phonon) and L2b,L2b (two phonon absorption) according to
the notation of Liang and Yoffe [55].

At energies higher than the band gap, structures are observed at room tem-
perature as well as at low temperature, which cannot be explained by means
of interband or pure excitonic transitions. Bound excitonic features are ex-
cluded too, because they occur at energies smaller than or on the rising slope
of the absorption edge. The structures found very close above the exciton
continuum are attributed to phonon assisted exciton sidebands and their in-
tensity rises only moderately with decreasing temperature, in contrast to the
pure excitonic amplitudes. The spectrum in the region of interest is shown
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in Fig.: 6.14. Another strong evidence to take a generation of phonons as
origin, is the replication with almost constant intervals of 0.07 eV being close
to the average frequency of a longitudinal optical (LO) phonon at the zone
center: ~ωLO(k=0)=72 meV. From the raw data, the one phonon (L1a,L1b and
the two phonon absorption (L2a,L2b) are easily observed. The labeling and
assignment are taken from transmission spectra done by Liang and Yoffe [55],
who have also firstly introduced denotation of Exciton-Phonon Complexes
(EPCs), because these oscillatory peak structures should not be seen as simply
due to phonon absorption (generation) stimulated by the excitons but rather
as formation into complexes. As a consequence, the observed energies are
not a simple sum of the exciton and the phonon energies. Additionally, one
may take the involve of more than one phonon into account. In general,
the formation of EPCs are favored in materials of increasing ionic character,
where the chemical bondings are already polarized.
To analyze the LO phonon contribution more accurately, the measured spectra
are subsequently fitted by simulating the phonon-exciton interaction with a
model. So, it is possible to distinguish the EPCs from other resonances. The
complete analysis will be discussed in the next chapter.

6.4 Summary of Results

In summary, the presented study shows the possibility of precise determina-
tion of the LT-splitting for every individual exciton-polariton with ellipsome-
try for a certain angle of incidence. The most interesting features found in
the spectra are the negative sections in ε1 and anomalous absorption peaks in
ε2. From the classical Lorentz oscillator model we identify the longitudinal
eigenfrequency usually by a vanishing ε and the transverse by maxima in
the absorption, but the anomalous peak closely above BL does not satisfy to
this description. This peak correlates to the zero crossing of ε1 of a mixed
mode. Interestingly, the anomaly is strongly related to the surface treatment
and is therefore very sample specific. While it is most pronounced and even
the overall dominating structure in the single crystals (substrates) it is com-
pletely absent in the epilayers. By annealing the sample, the anomaly can be
”switched” off. This is completely consistent with reflectivity measurements
in earlier works done by Rosenzweig by etching the surfaces [5]. The studies
were also motivated by Thomas and Hopfields findings, who claimed that
there must exist an surface layer, where excitons cannot penetrate, because of
their finite diameter aBohr and the symmetry breaking at a surface of a crystal.
Within our observations, it turns out that one cannot neglect the effects of
strong coupling limit between excitons and photons (polaritons) when using
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Figure 6.15: Overview of ellipsometric spectra in the vicinity of the band edge of ZnO contai-
ning the assignment of all observed structures. There are three main sections with distinct
structures originating from different transitions. The free excitons including the formation
of polaritons with rather high LT-splitting can be divided into the ordinary polaritons and
the extraordinary polaritons differentiating themselves by different coupling conditions. The
higher quantum states and continuum transitions from all three valence bands and finally the
electron-phonon-sidebands, which are produced by the generation of LO phonon eigenstates.

ellipsometry and RAS in the spectral region of strong excitonic absorption. In
order to prove the dead layer assumption, a detailed analysis is performed
in the next chapter by simulating the DF by applying the basic functions and
then adding an exciton free overlayer.



7. Simulation of Spectra with Anomalous
Peaks

Never express yourself more
clearly than you are able to think

Niels Bohr

The results for the complex dielectric tensor components shown in chapter
6 are determined from ellipsometric measurements by using the Fresnel for-
mulas for uniaxial anisotropic crystals from equation (5.17). The occurrence
of strong additional intermediate absorption structures between the A/B and
the C exciton in the spectra was surprising at a first sight. Regarding the
additional absorption structure around ωL in ε2 it is obvious that this is not
consistent with the corresponding real part ε1 when applying the Lorentz os-
cillator model and Kramers Kronig relations. Owing to the effort of Hopfield,
Thomas, Pekar, and Lagois [45–47] there exists already a quite good unders-
tanding of the experimental findings of anomalous peaks by the involve of an
exciton free surface layer (dead layer), into that excitons cannot penetrate be-
cause of the their finite diameter (the Bohr radius) and the symmetry breaking
at the surface. They stated this theory in connection with additional boun-
dary conditions (ABC) for the Maxwell equations as a consequence of spatial
dispersion [56]. The conventional boundary conditions will collapse due to
the fact, that two polariton waves can be created by the incident light and
propagate through the material with the same frequency but different wave
vectors. The ABC is necessary to give the ratio of the amplitudes of the two
polariton waves at the surface of the crystal. But, many more mechanisms
might be considered, which also were suggested to affect the surface optical
properties, like short-range forces for a hole or an electron at the surface,
image charge potentials or surface electric fields [57]. These studies say that it
is more appropriate to assume rather a transition layer where the polarization
from the exciton gradually vanishes near the surface than an abrupt step like
dead layer function.
In the following section, an novel approach in modeling ellipsometric data
is developed in steps, starting with the pure excitonic contributions to the
spectra. Then it is extended by phonon generation and finally a surface layer
is introduced, where no excitons are allowed. The individual layers are then
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partly coupled to each other and effective optical constants are created.

7.1 Simulation of the Excitonic Dielectric Function

Figure 7.1: Simulated dielectric tensor components for exclusively excitons in a hydrogen-
like quantum series (s-wavefunctions). Two oscillators are assumed for the ordinary (red)
and one for the extraordinary (blue) dielectric function.

The first step in modeling the ellipsometric spectra in the vicinity of excitonic
transitions is, of course, a calculation including only the optical generation of
electron-hole pairs in a H-like series plus a broadening (lifetime broadening,
scattering phenomena ...) in order to obtain non-delta like peaks but realistic
structures. Here, the development is again briefly described and uses the
assumption introduced already in section 3.1.1.
Since the free excitons are Wannier-like and therefore a relative weak ex-
change interaction, the effective mass approximation and Er � relative motion
depends only on the principal quantum number n:
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Er = Eg −
R∗y
n2 , R∗y =

 µ

mε2
0

 · 13.6 eV (7.1)

In most tetrahedrally bonded direct semiconductors the hole mass mh is much
greater than the electron mass me and the reduced mass µ is nearly equal to
that of the electron (µ ≈ me).
The motion of the center of mass formed by electron and hole is:

ER =
~K2

2M
, M = me + mh , K = ke + kh

⇒ E = Er + ER = Eg +
~K2

2M
−

R∗y
n2

(7.2)

This expression holds only in case of parabolic bands and spherical energy
levels. For zincblende structures the situation is more complicated due to
band degeneracies. Let us now regard the absorption. The absorption of
photons by an oscillator (exciton) can be seen as a dissipation of energy from
the photon field and is determined by the conversion of photons in excitons,
under the assumption, that the exciton damping due to polariton dissipation
by phonon scattering is much bigger than the exciton-photon interaction.
Having in mind the Fermi Golden Rule for the transition probability it holds:

R ∝
∑

f

∣∣∣〈 f |HXR| 0
〉∣∣∣2 δ(E f (K) − E0 − ~ω) (7.3)

Where the states are defined as:
|0〉 � no exciton∣∣∣ f 〉 � exciton with E f and K
HXR � exciton-photon coupling Hamiltonian. For discrete band states:∣∣∣〈 f |HXR| 0

〉∣∣∣2 = N |Φmln(0)|2
∣∣∣∣〈ψc(K)

∣∣∣Hc
eR

∣∣∣ψv(K)
〉∣∣∣∣2 (7.4)

The term |Φmln(0)| is proportional to 1/n3 and only nonzero for the angular
momentum quantum number of l=0, in fact, only excitons with s-symmetry
can be optically excited. This leads to the imaginary part of the complex DF
of a single exciton:

⇒ εX
2 = A

|P|2

E2

∞∑
1

1
n3 δ(E − Eg) −

R∗y
n2

|P|2 =
∣∣∣∣〈ψc(K)

∣∣∣E · p
∣∣∣ψv(K)

〉∣∣∣∣ (7.5)
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And for the continuum states (E > Eg):

εn→∞
2 = C

τeτ

sinh τ
|P|2

E2 (E − Eg)
1
2 (7.6)

Alternatively, the expression developed by Tanguy [58] should be mentioned.
It looks quite different but interestingly, leads to the same lineshape:

ε2 =
A
E2


∞∑

n=1

4πR3/2 1
n3 δ

(
E − Eg +

R∗y
n2

)
+

2π
√

R∗yΘ(E − Eg)

−exp
(
2π

√
R∗y/(E − Eg)

)
 (7.7)

Together with a Lorentzian broadening expressed by:

εΓ
2 =

Γ

π

(∫ +∞

0

ε2(E′)
(E − E′)2 + Γ2 dE′ −

∫ +∞

0

ε2(E′)
(E + E′)2 + Γ2 dE′

)
(7.8)

The complete complex DF of the excitonic transition spectrum can then be
calculated by the following expression:

⇒ ε =
A
√

R
(E + iΓ)2

(Ga(ξ(E + iΓ)) + Ga(ξ(−E − iΓ)) − 2Ga(ξ(0)))

Ga(ξ) = 2 ln ξ − 2π cot(πξ) − 2Ψ(ξ) −
1
ξ

with ξ(z) =

√
R∗y

Eg − z
and Ψ(z) =

d ln Γ(z)
dz

(7.9)

The whole development and other details of this expression by Tanguy can
be found in [58]. It can clearly be seen, that the latter function is complex. The
real and imaginary parts of the solution are, of course, the real and imaginary
parts of the complex DF. The expression has been crosschecked by the author
to be fully Kramers-Kronig consistent, therefore it is applied to calculate the
spectra in Fig: 7.1. The external parameters used are the Rydberg energies (or
exciton binding energies), the resonance energies and the bandgap Eg. Then,
the other parameters are found from the numerical fit.

7.1.1 Including the Phonon Sidebands

In the Tanguy model the formation of exciton phonon complexes is not ac-
counted. In the ellipsometric spectra phonon satellites are well present, as
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can be clearly seen in the spectral range closely at the exciton continuum. As
already mentioned in chap. 6.3, replicas occur with an oscillating nature. Ac-
cording to Liang and Yoffe [55], the phonon replicas were labeled Li j in order
to assign the amount of phonons and excitons involved. Now, an empirical
model is introduced to take the absorption due to phonons into account and
calculate the DF for the components parallel and perpendicular to the c-axis
of the crystal, namely by adding the phonon function to every single excitonic
function, which then will be partly coupled, respectively.

Figure 7.2: Simulated dielectric tensor components for excitons in H-like series plus LO
phonon complexes. The discrete absorption is assumed to occur with a replication of 72 meV
for one, two and three phonons. The spectra excluding phonons are shown for comparison
(dashed). Note the slight shift of the zero crossing towards higher energies in ε1.

The model claims the existence of a kind of phonon cloud in so called Fröhlich
polarons [59]. It is found in this work that the distribution of the multi-
phonon states is asymmetric having a tail in the high energy direction. The
maximum of this distribution is reported to shift to the states with a higher
amount of phonons with an increasing Fröhlich parameter. Applying this
procedure to the excitons [60], equidistant structures are obtained with a
separation of m∆E0, with m being the amount of phonons involved. For
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higher temperatures, a contribution of all optical phonons at the Γ-point is
assumed and for low temperatures the phonon replicas should be separated
only by the LO phonon energy.

Figure 7.3: Detailed excerpt of the phonon satellites from the simulated dielectric tensor
components for H-like exciton series plus LO phonon complexes. The phonon generation is
assumed in a replication of 72 meV. The spectra without phonons are shown for comparison
(dashed).

This in fact explains, why for room temperature only one broad shoulder is
observed in the spectra but for low temperatures a replication can be detec-
ted. The asymmetry is described by a factor f0bm−1 for every single phonon
satellite. f0 serves as a scaling factor to weigh the complete EPC input with
the ratio of the integrated intensities of the (m = 1)-replica to the (n = 1)-
exciton and b is the ratio between the (m + 1)- and the m-replica and acts like
a occupation distribution. The relative contribution of the complete EPCs to
the excitonic spectra is then given by:

FEPC = f0
∑

m
bm−1 (7.10)
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The complete model function for simulation of the imaginary part of the DF
for the EPCs is then given by:

εEPC
2 = f0

∑
m

bm−1εX
2 and their energies E = Eg −

EX
b

n2 + m∆E0 (7.11)

The latter expression is used to adapt the phonon related contributions to the
excitonic spectra as displayed in Fig: 7.2. In detail, the phonon absorption was
added to every single exciton. Note that since the phonon contribution can be
switched off and on in theory, the changes in the spectra can be evaluated very
nicely. Most evident is the changing of the dielectric function, of course, in the
tail above 3.48 eV, but interestingly the EPCs have also a quite strong influence
even in the ground state excitonic region. This shows up in an overall increase
of amplitude, which comes along with a shift of the zero crossing point of
ε1 and therefore slightly changes the effective (experimental) longitudinal
frequency ~ωL. The fit parameters can be found in section 7.1.

7.1.2 A Novel Approach involving an Exciton Free Surface Layer

In order to examine the influence of a surface layer, where excitons cannot
penetrate (dead layer), the so called Tauc-Lorentz model, developed by Jel-
lison and Modine [61] is used, that is the most prominent expression to fit
transparent crystalline/amorphous mixed-phase materials. In this model, the
imaginary part of the dielectric function ε2 is determined by multiplying the
Tauc joint density of states by the ε2 obtained from the Lorentz oscillator
model. The real part of the dielectric function ε is calculated from ε2 using
Kramers Kronig integration. The general given form is:

ε2 =
A(~ω0)C(E − Eg)2

(E2 − ~ω0) + C2E2
1
E

,

ε1 = ε1∞ +
2
π

P
∫
∞

Eg

xε2(x)
x2 − E2 dx

(7.12)

Used in the conventional manner, the condition of an zero amplitude below
the bandgap Eg is assumed. In our model, this is not the case and the Tauc-
Lorentz-oscillator is fitted with a smooth step-like shape for an Eg around
3.44 eV. This means, that it is nearly transparent well below the bandgap with
increasing absorption near Eg. The layer is applied for both components
separately, i. e. an ordinary and an extraordinary dead layer is achieved. The
layers are then coupled to the the bulk optical properties, which consist of the
mixture of excitonic and phononic contribution. The model fit was processed
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with a commercial software by obtaining the best agreement between the
experimental and the model curves. It should be noted that in this procedure,
the model curves involves exclusively theoretic assumptions.

7.2 Layer Model for the Effective Optical Properties

Figure 7.4: Layer model used in the fitting procedure. The interference of multiple reflection
in a dead layer is indicated in a simplified manner.

The layer stack used here consist of the following contributions.

• Xo and Xe denote the pure excitonic functions for the ordinary and
extraordinary directions. Since A and B are strongly allowed in the
ordinary functions and the C in the extraordinary, two oscillators are
put in Xo and one in Xe. The variable parameters are: The amplitude
(Amp), the continuum exciton energy (Eg) the damping constant (Γ) to
broaden the peaks, and the Rydberg energy (R∗y). The resulting spectra
can be regarded in Fig.: 7.1

• EPCa, EPCb and EPCc are layers containing the pure LO phonon contri-
bution for the A, B and the C-exciton. The fitting parameters are the
phonon frequency (E(LO)) with a fixed broadening. The number of
replica are m=10.

• DFe bulk and DFo bulk are the result of coupling all previous described
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layers into one ordinary and one extraordinary. The curves shown in
Figures 7.2 and 7.3

• Finally, an amorphous overlayer is assumed divided into dlo and dle,
where the existence of excitonic oscillators is forbidden. The fitting
parameter is then the dead layer thickness (dead layer).

The model parameters obtained for the best fit are given in table 7.1.

Table 7.1: Fit parameters

Ex Amp Eg[eV] Γ[10−3] R∗y[meV] dead layer E(LO) [meV] Sample
A 7.60 3.4342 1.95 53.45
B 15.27 3.4411 1.95 53.45 11.1 nm 79.82 Crystec2
C 20.10 3.4880 1.95 61.43
A 7.59 3.4310 2.76 50.17
B 15.27 3.4371 2.76 50.17 5.7 nm 68.56 47A
C 20.10 3.4805 1.80 53.0
A 3.36 3.4321 3.83 50.0
B 13.11 3.4382 3.83 50.0 2.8 nm 74.35 47T
C 13.98 3.4806 3.83 52.95
A 3.07 3.4343 2.14 50.0
B 5.82 3.4401 2.13 50.0 13.3 nm 78.08 MTI
C 15.11 3.4789 2.14 50.67
A 5.10 3.4314 4.32 50.41
B 12.44 3.4375 4.32 50.41 3.6 nm 73.68 18-1
C 16.33 3.4806 4.31 52.88
A 6.78 3.4322 7.54 56.62
B 12.37 3.4383 7.54 56.62 1.4 nm 71.9 19-1
C 12.02 3.4831 7.54 60.42

The dead layer behaves like a thin Fabry-Perot plate at the reflection minimum
and destructive interferences occur between the first and all other reflected
light beams. This produces a sharp minimum nearly equal to zero in ε1 which
follows closely above the spike created by constructive interference. In this
particular case, the real part of the effective refractive index of the coupled
layer stack has a vertical tangent just below ωL, while the imaginary part has
this tangent just above ωL. Alternatively, this can also be nicely seen in the
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huge variation of the phase shift ∆ as well as in the giant change in Brewster
angle in this region [40].

Figure 7.5: Experimental and generated spectra for the 47A. The model is exclusively
theoretic considering hydrogen-like series of exciton oscillators, the formation of LO phonon-
complexes and a dead layer.
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There is no sadder sight in the
world than to see a beautiful
theory killed by a brutal fact

Thomas Henry Huxley

The complex dielectric tensor components of ZnO in the energy region from 4
to 32 eV differ completely from those of other II-VI ans III-V semiconductors
with wurtzite structure [62, 63]. In ZnO, distinct structures and anisotropy
are nearly absent from 4 to 10 eV, while the other materials show their main
features in this region. The major structures begin beyond 10 eV, that would
seem to indicate that the valence states in ZnO lie considerably lower. Indeed,
regarding the bandstructure introduced in chapter 4.2, the density is more
concentrated in the lower part, whereas the d-electrons are in near resonance.
The energetic positions and the polarization dependence can be related to
certain critical points by using calculations made by first principles. In the
following, the optical functions of various ZnO samples measured at room
temperature and in the spectral region 4-32 eV is presented. Following the
argument of the large deviation of the internal parameter u from the ideal
value as well as the near resonance of the valence band to the Zn 3d-core levels,
the spectra are analyzed concerning the anisotropy and the hybridization
between the O 2p and the Zn 3d bands.

8.1 Theoretical Considerations

Here, two different calculations are consulted. The first one is done in a
collaboration with Paola Gori from University Rome, Tor Vergata. The band
structure diagram, that is used as a basis for the following results can be
regarded in Fig: 4.4 of chapter 4 and was done in a previous work.
The density of states (DOS) is calculated at the G0W0NZ level using the Zn
20+ pseudopotential (PP), is shown in Fig. 8.1 [64]. The fully occupied
Zn 3d semicore levels are centered at about -6.8 eV below the valence-band
maximum, in reasonable agreement with photoemission data (-7.4 eV) [65].
As seen from the DOS projected on the atomic orbitals (see inset of Fig: 8.1),
and similarly to most binary semiconductors, the upper valence band of ZnO
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Figure 8.1: Calculated
G0W0NZ DOS for wz ZnO
[64]. The inset shows the
DOS projected on Zn 3d
and O 2p orbitals.

has a predominant p-like character. Neglecting spin-orbit coupling and spin
degrees of freedom, as it has been done in this work, the threefold degenerate
upper valence band of a zinc-blende structure is split, in wurtzite, because
of the symmetry lowering, into a singlet (Γ1 state in the standard notation)
and a doublet (Γ5 states). The energy difference between these two states is
the crystal-field splitting: ∆CF. The experimental value of this parameter is in
the range 3540 meV, in agreement with our measured split between the A/B
excitons and the C exciton (36 meV).
The 2nd calculation consulted here yields only the dielectric function, but not
the DOS or bandstructure. The advantage is that the DF can be regarded
orbital-resolved, i. e. the d-level contribution can be regarded separately. It is
therefore preferentially used in the section 8.4.

8.2 Assignment of Optical Transitions

Regarding the ordinary component ε⊥, the first region after the absorption
edge is mainly due to transitions at the Γ-point (Γ5v → Γ1c). For the extraordi-
nary component ε‖, the first region is similarly ascribed to the Γ-point, but the
bands involved are Γ1v → Γ1c consistently with the selection rules that apply
for wurtzite structures. The peaks found for both components at 8.8-8.9 eV are
mainly due to transitions in the region between L and M from states located
around -2 eV which have hybrid O 2p-Zn 3d character (see the inset in Fig:
8.1). The subsequent energy region is where the anisotropic character of the
dielectric function is most evident. Regarding the ordinary component, the
peak at 12.3 eV can be ascribed to the M point whereas the features between
14 and 15 eV are mainly due to transitions at Γ and at k points from Γ to A and
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Figure 8.2: Imaginary parts of the dielectric function along the xy-plane and along z of
wurtzite ZnO in comparison to calculated spectra at the DFT-RPA level plus scissor operator.

originating from O 2p-Zn 3d states. The extraordinary component shows in
this region two peaks: one at 11.0 eV, due to H3v, H1v,2v, and K3v, K2v contri-
butions, and another at 13.0 eV, related to points of the BZ between L and H
and between H and A. The broad structure in the extraordinary component
located between 14 and 16.5 eV is dominated by transitions from Γ1v to the
second group of conduction bands.

8.3 Anisotropy

Unfortunately, the strong anisotropy cannot be explained by the different
dipole selection rules apparent in the two principal directions of the hexago-
nal crystal. The evidence, that ε⊥2 should show approximately the doubled
amount of peaks than ε‖2 due to the similarity of the [0001] (hex) with the [111]
(cubic) crystal direction, is missing completely. It is supposed by the author,
that the common used quasi-cubic approximation is not valid anymore to clearly
explain the anisotropy with the selection rules. Indeed, the group theoretic
considerations, which nicely explain the anisotropic behavior in e. g. wurtzite
nitrides [62] by the occurrence of additional peaks due to the doubling of criti-
cal points by the backfolding of band in the reduced size of the hexagonal BZ
with respect to the cubic, fail for ZnO. The anomalous anisotropy is believed
to originate from the large deviation of the internal parameter u from the ideal
value for the wurtzite structure resulting in a strong inherent crystal field.
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Figure 8.3: Experimental and theoretic [66] imaginary parts of the dielectric tensor compo-
nents.

8.4 Zn 3d Hybridization

In order to analyze the participation of any d-level transitions to the DF
in the spectral region of interest, ab-initio calculations performed by Andre
Schleife, University of Jena are consulted. For details, the reader is referred to
reference [66]. From the theoretic data, it is possible to extract the contribution
from exclusively d-electrons to the DF. The overall agreement is quite good,
when the oscillatory nature of the theoretic curves below 10 eV (artifact of the
calculation level) is ignored. The general shape and the strong anisotropic
behavior between 10 and 15 eV is again verified by the theory. The onset of d-
transitions is found to be around 12.5 eV. The sharp decrease in ε2 magnitude
(especially below 1) is taken as an indication that the oscillator strength of
valence- to conduction-band transitions has been nearly exhausted. Further,
the core s shells of the oxygen lie within our energy range, which contribute
to the structures above an energy of 20.9 eV.
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Figure 8.4: Effective number of electrons Neff deduced from ε2 of the ellipsometric measure-
ments (black) and from first principles calculations (grey). For the theoretic data, it is possible
to extract the contingent of exclusively d-electrons. The energy loss function is also displayed
in order to show the relation to the plasma edge.

8.4.1 Loss Function

The energy loss function is represented by the imaginary part of the reciprocal
dielectric function Im(−1/ε) and can be directly deduced from ellipsometry,
too. The global maximum of the loss function is assumed to correspond to
a single true plasmon excitation. This is a collective longitudinal oscillation
with a frequency ~ωp of all valence electrons, i. e. contributing to the chemical
bonding. A more common method to measure the loss function is Electron
Energy Loss Spectroscopy (EELS) attached to a Transmission Electron Mi-
croscope. The loss of electrons is then measured in transmission geometry.
Comparing to published EELS data [67], the values recorded for ~ωp are in
very good agreement, while ellipsometry provides a better accuracy and a
more detailed structure, because the resolution is much higher.



92 8. Optical Functions in the Far Ultraviolet

8.4.2 Effective Number of Electrons

The effective number of electrons Neff, as introduced in section 2.3, is used as
a quantity to evaluate the position of the d-electrons. In detail, it is assumed
that in one unit cell there are 4 electrons contributing to the sp3 hybrid of the
covalent bonding and exceeding this amount is interpreted as the onset of
excitations from further orbitals. The next near lying orbital is the 3d-orbital
of Zn. The plasmon energy in turn, is interpreted as the point, where all
valence electrons are exhausted. The section between an Neff and ~ωp should
be an indication of the degree of participation of d-electrons to the hybrid
wavefunction or the hybridization with the O 2p-bands. Here, calculations
are very helpful.

Figure 8.4 shows the spectral behavior of energy loss function together with
the effective number of electrons. Both functions are deduced directly from the
measured and theoretic dielectric functions using the expression (2.24). For a
correct evaluation of d-level hybridization it is very important to integrate over
the whole energy range of electronic transitions from valence- to conduction
band and additionally the O 2s core level, to provide a full counting of every
electron, which may contribute to the optical spectrum. The onset of d-
transitions is again found in Neff by exceeding 4 electrons at 12.5 eV, which
nicely is in coincidence with the calculated Neff of exclusively d-orbitals. The
loss function has its dominant peak at ~ωp=18.95 eV for E⊥c and 18.12 eV for
E‖c, respectively. This in turn is in very accurate correlation to the amount of
8 electrons. According to Lambrecht et al. [6], the contribution of the Zn 3d
orbital to the valence band varies from about 21% to about 13% when going
from the LDA to the shifted Zn 3d-band position and a renormalization of the
wave function coefficients assuming only the O 2p and Zn 3d are present. If
we completely neglect the possibility of transition from upper valence band to
the higher lying conduction states, it can be concluded that 4 of 10 d-electrons
contribute. But, this can just serve as an overall estimate, since transitions
to higher states in the conduction band cannot be excluded. It has to be
mentioned, that for different samples the values of Neff also slightly differ.
But, a correlation to a possible strain dependence of the d-level energetic
position (binding energy) is very difficult to judge. No clear interdependence
was found between XRD, Raman or band splittings to the variation in Neff in
the different samples within the accuracy limits.
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In this thesis, ellipsometric measurements are presented which show the va-
rious aspects of the multimode propagation of light in ZnO closely below
the bandgap and therefore prove the polaritonic character of excitons in ac-
cordance with the theory developed and discussed in the basic chapters. To
the authors best knowledge, the measurements represent the first detection
of exciton-polaritons with ellipsometry including a precise determination of
the splitting between the lower and the upper polariton branches for certain
angles of incidence. In linear optics, this was carried out so far only by reflec-
tion or transmission experiments, which suffer from the disadvantage, that
they are not reference free and the line shape of polariton resonances is rather
complicated to evaluate. Regarding the real and imaginary parts of the mea-
sured dielectric function, different informations can be extracted from these
independent quantities. While the transverse eigenenergies are deduced from
the imaginary part very precisely by a simple peak analysis, the longitudinal
frequency is found at the crossover point in the real part, namely by a vani-
shing ε1, which is clearly defined. Then, a correlation has been made between
the complex dielectric function, the reflectivity and RAS which yields many
additional information about the validity of the fundamental models.
It turns out, that it is necessary to take into account the existence of an ex-
citon free surface layer (dead layer) to satisfactorily model the experimental
findings, i. e. to explain well the emergence of anomalous peaks, which are
not consistent with the classical oscillator model. In detail, the huge variation
of phase ∆ is attributed to multiple reflections that take place in this dead
layer. In the energy range close to the longitudinal exciton eigenfrequency
the layer acts like an antireflecting Fabry-Perot mirror. The surface dead layer
may be thicker than the pure Bohr radius due to surface imperfections. The
remarkable surface sensitivity of the anomalies is demonstrated by regarding
different samples with different surface terminations. Most evident is the
possibility to switch off the anomaly by annealing the sample and the gene-
ral absence in epilayers in contrast to polished surfaces. The phenomena of
polariton formation (strong coupling limit) and dead layer effects were ne-
glected so far for ellipsometric measurements. The suggested description of
optical response only manipulates the effective optical parameters (coupled
layer stack), therefore additional structures near excitonic resonances in the
spectra do not reduce the utility of Kramers Kronig consistence.
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It has to be noticed, that the two different approaches examined in this thesis,
one conventional and a new one, do not exactly resemble each other, strictly
speaking, different solutions especially for the splitting between the mixed
mode and the dead layer interference peak are possible. Indeed, it is found by
reversing the way of processing the data, that multiple solutions arise for the
same system. The author is also aware of the fact, that the model remains non-
exact solutions particularly regarding the fine-tuning of line shapes. However,
to overcome this discrepancy, the effects of spatial dispersion as well as the
decomposition of the s-like excitons into p-like wavefunctions (resulting in a
shortened lifetime) should be taken into account, too. This may be a strong
motivation for future projects.
Effects particularly due to the anisotropy (dichroism) of ZnO are also pointed
out and are subsequently crosschecked with RAS measurements. Towards
new technological developments, these studies are particularly interesting for
the design of microcavity polariton lasers. Using ZnO as active medium, large
Rabi-splittings and operating temperatures higher than room temperature is
predicted.
For the optical functions measured in far UV, an assignment of distinct ab-
sorption structures to certain electronic transitions in the BZ was elaborated in
detail by comparing the spectra to calculations based on first principles. The
participation of the semi-core Zn 3d-levels to the chemical bonding was poin-
ted out by the evaluation of the amount of electrons, which have contributed
to the absorption over a wide spectral range up to the plasmon frequency
and beyond. The importance of the Zn 3d bands is considerable since they
reduce the energy gap between the spin-orbit split states at the valence band
maximum and, if they lie close enough, their negative contribution causes
a reversal of symmetries Γ7 ↔ Γ9. To address this question the position
of the d-bands relative to the conduction band critical points (e.g. at the Γ
and the A point) is estimated. Interband transitions from the O 2p domi-
nated sp3-valence band and from the Zn 3d semicore level are detected for
energies 4-10 eV and 12.5-18.9 eV. The found anisotropy between ε⊥ and ε‖
in the range 10-16 eV differs considerably from other wurtzite compounds
like the nitrides and is also confirmed by DFT-calculations. Finally, the plas-
mon energy is identified by the global maxima in the electron loss function
recorded to ~ωp=18.95 eV for E⊥c and 18.12 eV for E‖c, respectively.



10. Appendix

10.1 Temperature Fit Parameter

In the following, all variable parameters are listed, which are the result of the
Bose-Einstein and Varshni generation of curves for the excitonic resonances
at different temperatures. In the left side of every table, the Bose-Einstein
variables can be found and in the right part, the parameters of the Varshni
values can be found. The error bars are not displayed but can be found in
table 10.1. These are valid for all found values:

Table 10.1: Standard errors

EB ab Θ Eg α ΘDebye
0.3% 6% 20% 0.1% 12% 50%

Table 10.2: Temperature fit parameters for sample 47T obtained from ellipsometry

Exciton Polarization EB ab Θ Eg α ΘDebye
AΓ7 ⊥ 3.392 10.8 111 3.382 2.08 84
BΓ9 ⊥ 3.396 8.9 93 3.387 2.18 86
CΓ7 ‖ 3.450 27.0 175 3.424 7.48 540
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Table 10.3: Temperature fit parameters for sample 47A obtained from ellipsometry

Exciton Polarization EB ab Θ Eg α ΘDebye

AΓ7 ⊥ 3.396 16.8 146 3.380 2.7 141
BΓ9 ⊥ 3.400 12.8 118 3.386 2.9 154
CΓ7 ‖ 3.465 40.0 234 3.426 5.8 447

Table 10.4: Temperature fit parameters for sample MTI obtained from ellipsometry

Exciton Polarization EB ab Θ Eg α ΘDebye

AΓ7 ⊥ 3.400 18.7 160 3.382 2.80 166
BΓ9 ⊥ 3.349 12.4 120 3.388 2.62 138
CΓ7 ‖ 3.469 46.9 259 3.423 7.18 622
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