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Zusammenfassung

In einer systematischen Untersuchung von Antimon-dotierten Zinkoxid-Nanodrähten
mit unterschiedlichen Dotierungskonzentrationen kann eine Emissionslinie in der
Photolumineszenz-Spektroskopie bei 3, 3642 eV einem gebundenen Exziton an
einer Antimon-Störstelle zugeordnet werden. Durch eine weiterführenden Anal-
yse kann aufgrund des optischen und thermischen Verhaltens gefolgert werden,
dass die Emissionslinie die Rekombination eines gebundenes Exzitons an einer neu-
tralen Störstelle ist. Die in der jüngsten Diskussion aufgeworfene Frage, ob diese
neue Antimon-Störstelle als Donator oder Akzeptor wirkt, kann eindeutig durch
magneto-optische Messungen dieser Linie beantwortet werden, die ein typisches
Verhalten eines an einem neutralen Donator gebundenen Exzitons zeigt. Darüber
hinaus zeigen ortsaufgelöste Messungen einen höheren Einbau von Antimon an
der Spitze der Nanodrähte. Für diese Schlussfolgerung wurden hochauflösende
Kathodolumineszenzmessungen in einem Rastertransmissionselektronenmikroskop,
Mikrophotolumineszenz, Mikrokathodolumineszenz und spitzenverstärkte Raman-
Spektroskopie für einzelne Nanodrähte aufeinander abgeglichen. Für die letztge-
nannte Messung wurden in der Probe mit Raman-Spektroskopie Antimon-abhängige
lokale Schwingungsmoden identifiziert.
Der unbeabsichtigte Einbau von Kohlenstoff und seinen Einfluss auf die optischen
Eigenschaften von Antimon-dotierten Nanodrähten wurde untersucht. Durch Co-
Dotierung mit Wasserstoff konnte die Emissionsintensität der Nanodrähte drastisch
erhöht werden indem die Konzentration nicht-strahlender Rekombinationszentren
reduziert und Emissionslinien der Kohlenstoff-dotierung unterdrückt werden. In
Kohlenstoff-dotierten Zinkoxid-Nanodrähten wurde das Auftreten von vier Emis-
sionslinien beobachtet, bezeichnet als Z-Linien bei 3, 3606 eV, 3, 3611 eV, 3, 3615 eV,
und 3, 3618 eV. Diese Linien konnten als Exzitonen an neutralen Donatorzustän-
den des eingebundenen Kohlenstoffs identifiziert werden. Durch Co-Dotierung mit
Wasserstoff wurde ebenfalls die Emissionsintensität erhöht.
Das Konzept von Exziton-Polaritonen basiert auf einer Kopplung von Licht und Exzi-
ton. In einer m-plane ZnO-Schicht werden Exziton-Polaritonen in einer Rückstreuge-
ometrie in Photolumineszenz- und Reflexionsmessung sichtbar. In beiden Messun-
gen sind zusätzliche Wellen sichtbar, die als Fabry-Pérot-Interferenzmuster identi-
fiziert wurden. Das Reflexionsvermögen in der Nähe des A- und B-Exzitons wurde
durch ein Zwei-Oszillator-Modell modelliert. Als Ergebnis wurde die detaillierte
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Exziton-Polariton-Dispersionskurve der oberen, unteren und mittleren Polariton-
Zweige berechnet. Die gezeigte geringe Dämpfung der A- und B-Exzitonenmoden ist
entscheidend und die Hauptursache dafür, dass das Fabry-Pérot-Interferenzmuster
in der m-Plane-Probe auftritt und zuvor nie in der Literatur für ZnO berichtet wurde.
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Abstract

In a systematic study of antimony-doped zinc oxide nanowires with different dop-
ing concentrations, a distinct emission line in photoluminescence spectroscopy at
3.3642 eV can be attributed to a bound exciton involving an antimony impurity. In a
further analysis, based on its optical and thermal behavior, it can be concluded that
the emission line is the recombination of an exciton bound to a neutral impurity.
The question raised in the recent discussion whether this new antimony-related
impurity acts as a donor or an acceptor can unambiguously be answered by magneto-
optical measurements of that particular line that show a typical behavior of an
exciton bound to a neutral donor. Moreover, spatially resolved measurements reveal
higher incorporation of antimony at the tip of the nanowires. For this conclusion,
high-resolution cathodoluminescence measurements in a scanning transmission
electron microscope, micro-photoluminescence, micro-cathodoluminescence, and
tip-enhanced Raman spectroscopy have been aligned for single nanowires. For the
latter measurement, exclusively antimony related local vibrational modes have been
identified in the sample in Raman spectroscopy.
The unintentional incorporation of carbon has been investigated and its impact
on the optical performance of antimony doped nanowires. The effect of hydrogen
co-doping drastically enhances the optical performance of these nanowires by re-
ducing the concentration of non-radiative recombination centers and suppressing
carbon-related emission lines. In intentionally related carbon-doped zinc oxide
nanowires the appearance of four emission lines denoted as Z-lines at 3.3606 eV,
3.3611 eV, 3.3615 eV, and 3.3618 eV have been analyzed and determined that these
lines are as well carbon-related excitons bound to neutral donor states. With hydro-
gen co-doping, the optical performance was also enhanced.
The concept of exciton-polaritons is based on a coupling of light and exciton. In a
m-plane ZnO layer, exciton-polaritons become visible in a backscattering geometry in
photoluminescence and reflectance measurement. In both measurements additional
waves identified as a Fabry-Pérot interference pattern are visible. The reflectance
in the vicinity of the A and B-exciton has been modeled by a two-oscillator model.
As a result, the detailed exciton-polariton dispersion curve of the upper, lower, and
intermediate polariton branches was calculated. The revealed low damping of the A
and B-exciton modes is crucial and the main cause why the Fabry-Pérot interference
pattern occurs in the m-plane sample and was never reported in the literature for
ZnO before.
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Introduction 1
Our modern society has been significantly shaped by applications based on semi-
conductors so that it is still appropriate to describe the present as the age of semi-
conductors. From all devices in electronics, transistors are the most famous and
still the backbone of modern chips in information technology. Semiconductors will
also carry the next technological transformation from electronic devices to light-
based photonic devices, where optoelectronic devices such as light-emitting diodes
(LED) and laser diodes (LD) gain more importance. Zinc oxide (ZnO) is a wide
band-gap direct semiconductor that has been studied for several decades. The main
challenge for the commercialization of optoelectronic devices based on ZnO is the
lack of stable and reproducible p-type doping. Many different elements have been
studied for their capability to form shallow acceptor states to achieve p-type doping.
Recently Antimony (Sb) gained much attention due to its theoretical capability to
form a shallow acceptor as a complex impurity. Undesired impurities such as the
incorporation of Carbon (C) can be unavoidable during the growth process but can
also have a huge impact on the optical performance of the material. In addition, the
material form can also improve performance. One dimensional nanowire can be
grown on lattice-mismatched substrates with lower defect densities and therefore
a higher crystalline quality due to the reduced influence of the substrate. All
related material properties can be analyzed by the investigation of bound excitons
in photoluminescence (PL) and reflectance spectroscopy. Since these methods are
based on the interaction of the material with light, the concept of exciton-polaritons
in the case of strong coupling between exciton and photon is also of importance.

1.1 Thesis structure
In the following, the general properties of the material ZnO are described in chapter 2
like its crystal structure together with some basic concepts like the definition of
excitons and the concept of exciton-polaritons. In the following chapter 3, the used
methodology is explained including a description of the used devices and setup for
the analysis. Chapter 4 presents the investigation on the subject of Sb-doped ZnO
nanowires indicate their properties and decide whether a donor or an acceptor is
formed. The following chapter 5 focuses on the analysis of C-doped ZnO nanowires
as well as C and Hydrogen (H) co-doped ZnO nanowires. In the last chapter 6, the
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concept of exciton-polaritons is applied on a sample that show a distinct Fabry-Pérot
interference pattern.

2 Chapter 1 Introduction



General properties of zinc
oxide

2
Zinc oxide (ZnO) is a II-VI semiconductor and probably one of the best known
representatives of the oxide materials besides magnesium oxide (MgO) and cadmium
oxide (CdO). It predominantly crystallizes in a wurtzite structure and has a direct
wide bandgap at the Γ-point of 3.37 eV (368 nm) which corresponds to the ultraviolet
band A (UVA) and a large exciton binding energy of 60 meV. The ternary alloy
system Zn(Mg,Cd)O covers the entire spectral range from UV to infrared (IR). This
makes ZnO a competitor to gallium nitride (GaN) and its ternary alloy system with
aluminum nitride (AlN) and indium nitride (InN).

Although the focus lies here on its application and properties as a semiconductor
in optical and electrical devices it should be mentioned that ZnO has today a variety
of different applications. For instance, ZnO is used as a pigment in cosmetics, as
an additive in the production of rubber, a medical ointment, or UV absorber in
sunscreens. This indicates that ZnO consists of inexpensive and non-toxic chemical
components which makes the fabrication of ZnO devices even more advantageous.

There exist a variety of different growth techniques to gain ZnO as single crystals,
thin films, or nanostructures. The most common method to form single crystals is
the hydrothermal growth from the gas phase by oxidation of Zn-vapor. This can
be archived in a chemical vapor transport (CVT) technique with a chamber reactor
of different temperatures. On one side the temperature is high enough to form
Zn-vapor from a Zn-source and then the vapor is transported to a colder side where it
can oxidize and condense to form crystals. With this method also very large crystals
can be fabricated which can even be processed further to substrates. There are also
reports of unintentional growth of ZnO crystals in a zinc-smelter as a by-product of
industrial zinc white production, where the Zn-vapor reacts with oxygen in a not
completely sealed furnace forming large crystals of up to 2 kg with different colors
and mostly fluorescent in UV-light [1]. Thin films or nanostructures can be grown i.e.
by metalorganic vapor-phase epitaxy (MOVPE) and molecular beam epitaxy (MBE).
Further general details on different growth methods can be found in Morkoç [2],
Klingshirn [3], and Ramachandra [4].
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The analyzed Sb-doped ZnO nanowires in chapter 4, the Sb and H co-doped
nanowires in chapter 5.1 as well as the C and H co-doped nanowires in chapter 5.2
have been grown by MOCVD and the analyzed ZnO thin film in chapter 6 have been
grown by MBE.

2.1 Crystal structure
Besides the fabrication of artificial crystals, ZnO occurs also as a natural mineral
refereed to as zincite (see figure 2.1).

Fig. 2.1.: Natural zincite from a zinc mine in Gouverneur,
New York, USA

Minerals have been sys-
tematically analyzed and
classified in the "Struk-
turbericht" in the years
1919-1949 by X-ray diffrac-
tion and many of the find-
ings apply also to artificial
crystals since the chemicals
properties as the bond type
or atomic radius of the com-
ponents are the same [5].
In the methodology first described and published by W. Friedrich, P. Knippig and M.
Laue in 1912 [6] X-rays are diffracted by a bulk crystal and the interference pattern
is recorded on a film and hence named "Lauephotogram". Based on the famous
equitation named after Bragg

2d sin θ = nλ (Bragg)

these patterns give insight into atom distances and symmetries of crystals. Max
von Laue eventually was awarded the Nobel price in physics in 1914 [@7], William
Lawrence Bragg and his father William Henry Bragg in 1915 [@8]. ZnO can have
three different types of crystal structures which are denoted as B1, B3 and B4 accord-
ing to the "Strukturbericht", where B is the designation for compound material of the
form AB. Today, these crystal structures are more often named after a prominent
representative of the group. B1 is a face-centered cubic lattice and is often referred
to as rocksalt (or Rochelle salt) since sodium chloride (NaCl) has this form. B3 is also
a face-centered cubic lattice and resembles the diamond form but with two different
atoms. A prominent representative is Zinc sulfide (ZnS) or sphalerite which also
is known as zincblende if crystallized in this particular α-phase. B4 is a hexagonal
crystal structure often referred to as wurtzite, again named after ZnS but in its more

4 Chapter 2 General properties of zinc oxide



rare β-phase [9]. ZnO, however, crystallizes predominantly in the B4 hexagonal
wurtzite form and all investigated samples in this work are also wurtzite ZnO.

To get crystallographic details for a material, crystal structures can be found in
open-access databases [@10], such as this zincite information from Aminoff [11] on
COD [@12]. From this, we can visualize the primitive unit cell (see figure 2.2a) the
hexagon (see figure 2.2b) and the hexagon unit cell (see figure 2.2c).

a)

b

c

o
a

b) c)

Fig. 2.2.: a) Primitive unit cell of wurtzite ZnO as ball-stick-visualization (with Mercury
4.0 [13]). Zn-atoms are purple, O-atoms in red, with the axis a, b and c start
from the origin o. b) Expanded crystal to visualize the hexagon shape (view from
above compared to a)). c) Further expanded crystal. This is commonly referred
as the hexagonal unit cell.

Besides the atomic components, the symmetries of the crystal structure play an
important role regarding the properties. The symmetries are described by point
and space groups. There are different types of notations of how to indicate these
symmetries, like the Schönflies notation. The wurtzite structure has a 6-fold rota-
tional symmetry with a vertical symmetry axis in the Schönflies notation described
as C6v. As figure 2.2 shows, this results in alternate hexagonal planes of Zn and
O layers along the c-axis which is the cause for pyroelectricity in ZnO along the c-axis.

The unit cell in reciprocal space is called the first Brillouin zone and points of high
symmetries are called critical points. The center of the Brillouin zone is referred to
as the Γ-point.

2.2 Conduction and valence bands
The most prominent key figure of a semiconductor is most likely its bandgap which
is the energetic offset between the conduction band minimum to the valence band
maximum. Both the minimum of the conduction band as well as the maximum of
the valence band are located at the Γ-point in ZnO making it a direct semiconductor.

2.2 Conduction and valence bands 5



The dispersion relation E(k) of the bands also fulfill certain symmetries. The s-like
conduction band results in a Γ7 symmetry at the Γ-point, whereas the valence band
is p-like resulting in a Γ15 symmetry. Due to crystal field and spin-orbit coupling,
the valence band splits into three double degenerate bands with different energy
levels, A, B, and C are labeled in descending energetic order. In wurtzite crystals
two of these bands have Γ7 and one has Γ9 symmetry and the ordering of the bands
depends on the crystal field and spin-orbit coupling. The ordering in ZnO was
disputed for a long time and changed from its first investigation by Thomas and
Hopfield in 1960 [14, 15] who concluded that the symmetry ordering is Γ9, Γ7, Γ7

for the A, B, and C valence band respectively like in GaN and InN. Based on many
different experiments it is commonly excepted today that the A and C valence band
has Γ7 and the B valence band has Γ9 symmetry, hence a Γ7, Γ9, Γ7 ordering [16,
17, 18] as for AlN. The symmetry of the bands at the Γ-point is important for the
selection rules.

2.3 Excitons and exciton-polaritons
If an energy quantum is absorbed by the crystal and its energy exceeds the bandgap
an electron can be excited from the valence band into the conduction band resulting
also in a hole in the valence band. Since both particles have opposite charge they
are attracted to each other by Coulomb force. If the group velocity of the electron
equals the group velocity of the hole both can follow each other and bind. The group
velocity is related to the band’s curvature ∇kεc = ∇kεv whereas the formation of
excitons is possible at every critical point. The spontaneous recombination of an
exciton results in the emission of a photon with an energy equal to the bandgap
reduced by the binding energy of the exciton. The selection rules for the A, B, and C
free exciton are summarized in table 2.1.

Tab. 2.1.: Selection rules for excitons in ZnO based on the symmetry of the conduction
band Γc, valence band Γv and the envelope function ΓEnv for n = 1 states. The
Number in brackets indicate degenerated states. States with a high oscillator
strength are marked with an asterisk. [3, 19]

Exciton
Symmetry

ΓEnv ⊗ Γc ⊗ Γv

allowed
E ‖ c

allowed for
E⊥c Forbidden

A Γ1(1)⊗ Γ7(2)⊗ Γ7(2) = Γ1(1) ⊕ Γ∗5(2) ⊕ Γ2(1)
B Γ1(1)⊗ Γ7(2)⊗ Γ9(2) = ⊕ Γ∗5(2) ⊕ Γ6(2)
C Γ1(1)⊗ Γ7(2)⊗ Γ7(2) = Γ∗1(1) ⊕ Γ5(2) ⊕ Γ2(1)

The absorbed energy quantum required to create an exciton in an optical exper-
iment stem in most cases from an absorbed photon. It should be noted that an

6 Chapter 2 General properties of zinc oxide



exciton can also be created resonantly. In this case, the energy absorbed equals
the photon emitted by the recombined exciton. Since an exciton can hence emit
a photon which energy is sufficient to create another exciton in the crystal, both
exciton and photon, cannot be described individually anymore and are referred to
as an exciton-polariton. Individually, exciton and photon have different dispersion
relations (see figure 2.3).

 

Fig. 2.3.: Exciton-polariton dispersion
with the upper polariton
branch (UPB) and lower po-
lariton branch (LPB) with the
frequency ω and wave-vector
k. The dashed curves repre-
sent the dispersion relation
of the uncoupled exciton and
photon. [20]

In the case of an exciton-polariton with a
coupling between photon and exciton, both
dispersion curves repel each other where they
would normally cross. The result of this
quantum-mechanical non-crossing rule is two
new dispersion curves denoted as lower po-
lariton branch (LPB) and upper polariton
branch (UPB). In the vicinity of the frequen-
cies of the longitudinal (ωL) and transverse
(ω0 or ωT ) component of the electromagnetic
wave, the two branches are commonly re-
ferred as exciton-like and in the opposite case
photon-like. It can be derived that in ZnO
only transverse exciton-polaritons (i.e. for
E⊥k) exists and in the opposite longitudinal
case (i.e. for E ‖ k) only longitudinal ex-
citons [21]. For the intermediate case with
an arbitrary angle between k and c so-called
mixed-modes occur. The coupling between
photon and exciton is reduced compared to
the transverse case, which results in a de-
crease of the gap between the UPB and LPB.

2.4 Bulk, layers and nanowires
Besides the attributes determined by the semiconductor material itself also the
dimensionality of the structure can have a huge impact on the resulting electrical,
optical and vibronic properties. General statements regarding a semiconductor
crystal are normally only applicable for a crystal that is in all three dimensions
extended into infinity. In practice, this could be approximated with a large bulk
crystal if the effects caused by its interfaces are negligible. If one dimension is further
reduced in length this is often referred to as platelets. The samples investigated here
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comparable to this dimensionality were grown epitaxial on a substrate and therefore
referred to as layers. The main difference to platelets is the existence of an interface
of the layer to the substrate or between different layers if there is more than one.
These layers can have different properties especially if they are made out of different
materials (heteroepitaxial) but even if these layers share the same semiconductor
material (homoepitaxial) the resulting properties vary for each layer e.g. regarding
strain or defect densities. If the one reduced dimensionality is reduced to an extent
that confinement has to be regarded as well, this structure is commonly called a
quantum well.

If we reduce the crystal in two dimensions the terms nanorods or nanowires are
commonly used. There is no clear distinction between both terms so that they can
be used as synonyms. However, as a rule of thumb nanorods are thicker in diameter
and shorter than nanowires or in other words, have a smaller aspect ratio (length
divided by width). Again, if we reduce both dimensions further so that confinement
takes place, quantum wire is also commonly used. The investigated samples in
Section 4 are nanowires. Due to the large surface-to-volume ratio, this structure
can be beneficial for instance for better light extraction. Also, these wires have been
grown epitaxially on a substrate. Compared to a layer the influence of the substrate
can be reduced due to the smaller interface.

2.5 Doping
Besides its fundamental bandgap, another main property of a semiconductor is its
ability to be doped with other elements with the goal to increase charge carriers
and still maintain its crystal properties. To achieve n-type conductivity the doping
adds free electrons while p-type conductivity can be achieved by adding holes. The
ability to dope the material both ways is vital for most applications and therefore an
important task in research. In wide bandgap materials such ZnO, ZnSe [22], and
GaN [23] p-type conductivity was the main challenge to achieve for many decades.
Both GaN and ZnO are normally intrinsic n-type which needs to be compensated
first. Eventually, Mg turned out to be the dopant of choice in GaN and its efficiency
has been improved always on. Due to its broad application in nowadays blue and
white LEDs Isamu Akasaki, Hiroshi Amano, and Shuji Nakamura were awarded
jointly the Nobel Prize in 2014 [@24]. More details can be found in the book "The
Blue Laser Diode" [25].
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Contrary to this, in ZnO p-type conductivity remains a challenge and could not be
solved comparable to GaN. But unlike a race where the winner takes it all, it would
still have a huge impact if this problem could be overcome in ZnO. Additionally
doping whether by acceptors or donors can give further insight into the material
properties itself. Intentionally undoped ZnO exhibits n-type conduction due to the
intrinsic defects, such as zinc interstitials (Zni) [26], oxygen vacancies (VO), as well
as undesired hydrogen impurities during the growth process. A variety of different
attempts have been made predominantly to substitute with an element of a lower
group, for example, Zn with Cu[27], Ag [3], or Li [28], and O with N [29], P [30],
As [31], and Sb [32]. In these cases, an acceptor would be formed if the dopant is
incorporated on a lattice site substituting the desired element but a donor is formed
if the dopant substitutes the undesired element or if the dopant is incorporated as
an interstitial. From the already mentioned, N was the most promising candidate
to achieve p-type conductivity since the atomic radii of O and N are quite similar.
Calculations and experiments however revealed that the resulting acceptor is a deep
state of approximately 1.3 eV [33, 34] which exceeds the thermal energy at room
temperature of 26 meV by far.

Recently other doping structures have been proposed like F on an interstitial
place [35] or a resulting complex structure based on doping with As or Sb [36].
Especially the latter method gained a lot of attention and in many publications, a
p-type conductivity has been claimed but the results were also disputed [37, 38,
39, 40, 41]. In this proposed case based on first-principles calculations, Sb or As
substitute Zn, which would result in a three-fold donor state but in addition two
Zn vacancies form spontaneously where each can accept up to two electrons. This
would lead to a residual shallow acceptor state. The calculated formation energies
EF orm for different doping defects are summarized in table 2.2.

Tab. 2.2.: Formation energy EF orm of doping defects for Sb doping. [36]

Defect Charge EF orm (eV)

SbZn 3+ -0.80
+ 0.74

SbZn − VZn + 1.08
- 3.04

SbZn − 2VZn 0 2.00
- 2.16
3- 5.33

SbO 0 11.20
- 12.82

2.5 Doping 9



In chapter 4 and chapter 5.1 the Sb-doped samples are analyzed to determine
which doping defect or complex is present and compared with typical dopants which
yield a donor state such as gallium or indium.
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Methodology 3
This section explains the analytical methods used in the experiments which generated
the measurements discussed later. The focus is hereby not only on the description
of the experimental setups but also on the introduction of its underlying physical
principles.

3.1 Optical and electron microscopes
To determine the morphology of the samples a microscope (Olympus BX61) has
been used with a variety of different objectives (5x - 100x) and magnifications.
Macroscopic distortions and scratches from the dispersion of the samples can be
seen easily but for single nanowires, the resolution necessary would be well below
the Abbe-Limit:

d = λ

2n sinα = λ

2NAobj
(Abbe-Limit)

To overcome this resolutions limit an electron microscope was utilized at the Otto-
von-Guericke University in Magdeburg, Germany. Due to the small De-Broglie-
wavelength for electrons a higher resolution is possible. For a higher contrast in the
images, secondary electrons have been detected rather than the direct back-scattered
electrons of the electron beam.

3.2 Photoluminescence spectroscopy
The analysis of the interaction of light with matter is one of the most used tech-
niques to determine fundamental properties of semiconductors. In a first attempt
to categorize the possible interactions it can be argued that light either can pass
(transmission), vanish (absorption) or change its direction of propagation (reflection
or scattering) and hence give insights into the refractive index of the material. In
all these cases, however, light interacts with matter but does not change its color.
In "On the Change of Refrangibility of Light" published in 1852 by G.G. Stokes[42]
firstly an additional interaction named dispersive reflexion was described where the
color (i.e. wavelength) of the light does not necessarily remain constant. In photo-
luminescence spectroscopy, the change in color of the light is the key process that
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gives insights. The semiconductor gets excited by a laser normally with an energy
above its band-gap and re-emits light after absorption, generally with a lower energy.
The emitted light corresponds to the band-gap, free or bound exciton-recombination
or other characteristic energy states.

In the standard photoluminescence setup, a helium-cadmium (HeCd) laser (Om-
nichrome 3074) has been used as excitation source with a laser wavelength of
of 325 nm (3.81 eV) and excitation power of 5 mW. The sample was placed in a
continuous-flow microscopy cryostat (Janis ST-500) and cooled down with liquid
helium to 5 K. The laser was reflected via a small mirror into the beam path and
focused via a UV-lens (suprasil glass)onto the sample. The re-emitted light collected
by the same lens was then focused with a second lens to adjust the aperture into
the entrance slit of the spectrometer. The spectrometer consist of a Czerny-Turner
double-monochromator (SPEX 1404) with a focal length of 0.85 m and two gratings
with 1.200 l/mm and a blaze of 500 nm as well as a UV-enhanced 330x1100 CCD
(ST-138, Roper Scientific).

3.2.1 Micro-photoluminescence spectroscopy
In the micro-photoluminescence (µ-PL) setup the focusing lens is replaced by a
20x UV-microscope-objective (Thorlabs, LMUL-20X-UVB) mounted on a closed-
loop 3D-Piezo actuator (PI, NanoCube P-611.3s) which allows lateral depending
photoluminescence maps. Due to the objective, a smaller spot size and therefore
a higher excitation density is possible. The collected light is again focused on a
spectrometer to adjust to the correct aperture. In the µ-PL setup a single Czerny-
Turner monochromator (SPEX 1704) with a focal length of 1 m has been used.
The gratings are interchangeable and a 150 l/mm (blaze 300 nm) has been used to
obtain overview spectra, a 1.200 l/mm (blaze 300 nm) for the regular spectra with
highest light throughput and a 1.200 l/mm (blaze 500 nm) used in 2. order for high
resolution spectra. Again a UV-enhanced 550x2048 CCD (Princeton Instruments)
has been used as a detector. Due to the small aperture of the objective a 30:70 UV
beam-splitter is used to achieve a backscattering geometry instead of a small mirror.

3.2.2 Photoluminescence excitation spectroscopy
The setup used for photoluminescence excitation spectroscopy (PLE) is based on the
standard PL setup described in 3.2, but instead of an excitation source with a fixed
wavelength, a laser source with a tunable wavelength was used. For the PLE the
HeCd-Laser was replaced by a dye laser (Lambda Physik FL 3002). The used dye
DMQ (2-Methyl-5-t-butyl-p-quaterphenyl) (Lamdachrome, LC3590) was solved in
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dioxane and has a wide laser range in the UV (346 nm-388 nm). The wavelength
was tuned by an intra-cavity grating which acts as a dispersive mirror. The dye laser
was pumped by a xenon monochloride (XeCl) excimer laser with a wavelength of
308 nm. The pulsed laser system had a pulse length of 20 ns and a tunable repetition
rate of up to 100 Hz.

3.2.3 Zeeman spectroscopy
In atomic physics, discrete spectral lines can split up into different energy states
indicating a fine structure under the influence of an external magnetic field. The
degeneracy of the energy states is removed by the magnetic field. This so-called
Zeeman-Effect was named after Pieter Zeeman who conjointly with Hendrik A.
Lorentz received the Nobel prize in 1902 [@43] for this phenomenon. Analogous
also energy states with a residual magnetic moment in semiconductors e.g. exci-
ton states show a splitting under the influence of an external magnetic field. The
splitting itself as well as the thermalization behavior of the split components can be
observed in a static magnetic field and give insight into the origin of the energy states.

The used static magnetic field strength of up to 5 T is small compared to the bind-
ing energy of the free exciton so that only two major effects need to be considered,
the described Zeemann splitting as well as the diamagnetic shift

∆EDia = 1
2c

2a2
BB

2/µ (3.1)

where aB is the exciton Bohr radius. The diamagnetic shift is negligible compared
to the Zeeman splitting for low magnetic field strengths and small exciton radii like
the n = 1 state of the free excitons. For higher exciton states the diamagnetic shift
becomes more important to consider even for low static magnetic fields due to its
quadratic dependency.

The Zeeman splitting of an exciton state under an external magnetic field B
depends on the Bohr magneton µB as well as the g-factor (magnetic moment) gexc

of the exciton:
∆EZ = gexcµBB (3.2)

The exciton g-factor gexc is depicted as a tensor here since its value in general
depends on the orientation of the applied magnetic field vector with respect to the
crystal. gexc is the resulting magnetic moment of the electron and hole of the exciton
and hence,

gexc = |ge ± gh| (3.3)
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In wurtzite ZnO, the anisotropy of the g-factor of the electron and hole can be
expressed with two components, one where the magnetic field vector is parallel to
the crystals c-axis (B ‖ c) denoted with g‖ and one where the magnetic field vector
is perpendicular to the crystals c-axis (B⊥c) denoted with g⊥. For an arbitrary angle
θ between the magnetic field and the c-axis the g-factor is then

g =
√∣∣g‖∣∣2 cos2 θ +

∣∣g⊥∣∣2 sin2 θ (3.4)

The anisotropy of the electrons g-factor is very small compared to the g-factor of
the hole and typically cannot be resolved in PL measurements here but in electron
paramagnetic resonance (EPR) [44, 45] or optically detected electron-paramagnetic-
resonance (ODMR) spectra [46] and therefore it can be simplified with

g‖e = g⊥e = ge (3.5)

and equation 3.4 is hence only used for the holes g-factor gh.

The Zeeman splitting of an exciton depends strongly on the circumstance whether
the exciton is free, bound to a neutral or ionized donor or acceptor or to an other
type of defect. In the case of a neutral-bound exciton one of the particles, electron
or hole of the exciton, is involved in the binding to the dopant, where the other
unpaired particle determines the splitting behavior. In the case of a free or ionized
bound exciton both particles are unpaired. In the following the behavior of these
two cases is described in more detail.

Exciton bound to neutral donors or acceptors

A donor has a weakly bound electron and a positively charged atomic core, whereas
an acceptor has a weakly bound hole and a negatively charged atomic core. This is
the ground state of a neutral-bound exciton transition. In the excited state, an exci-
ton is bound to the neutral impurity due to the formation of pairs with anti-parallel
spin of the two like particles. This leaves an unpaired particle in the exciton.

Figure 3.1 illustrates the expected transitions in the two geometric cases with
respect to the normal PL (B = 0) transition (E0) for acceptors and donors respec-
tively. In the Faraday configuration, the magnetic field is purely parallel to the
c-axis of the crystal (B ‖ c). In the opposite case, in the Voigt configuration, the
magnetic field is purely perpendicular to the c-axis (B⊥c). The ground state for a
donor is determined by the unpaired electron with its nearly isotropic g-factor ge,
hence an identical splitting for both geometric cases, Voigt and Faraday. In the
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Fig. 3.1.: Zeeman splitting of neutral-bound exciton complexes involving Γ7 electron states
and Γ7 hole states of the exciton (A-exciton) in a constant external magnetic field
with B ‖ c (Faraday-configuration) and B⊥c (Voigt-configuration). The g-values
of the ground and excited states depend on the spin of the unpaired particles.
Circular polarized transitions are indicated by blue (σ+) and red (σ−) lines.

excited state the excitons electron pairs with the donor’s electron and the splitting
is hence determined by the unpaired hole of the exciton. Due to the anisotropy
of the holes g-factor the splitting differs in both geometric cases. For an accep-
tor the splitting is mirrored since the ground state is determined by an unpaired
hole of the acceptor and the excited stated by an unpaired electron left in the exciton.

The bound exciton in figure 3.1 is assumed to be an A-exciton since the measured
PL transitions in the following chapters exclusively involve A-excitons. Based on
the valence band ordering of Γ7, Γ9, Γ7 of the A, B, and C valence bands, both
the electron and hole of the A-exciton have a Γ7-symmetry. Considering group
theory [17, 18] four transitions are visible in the Voigt configuration with an overall
smaller splitting due to

ge > g
‖
h > g⊥h . (3.6)
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In the Faraday configuration, two of the four transitions are only visible if E ‖ c
and therefore not visible in the used backscattering geometry. The remaining two
transitions are circularity polarized with σ+ for the energetically higher and σ− for
the lower transition. All four transitions become visible if the sample is tilted with
an arbitrary angle between the Faraday and Voigt configuration. The fourfold energy
splitting in all geometries is determined by the prior derived g-factors:

E± = E0 ±
1
2µB(ge ± gh)B

= E0 ±
1
2µB

(
ge ±

√∣∣g‖h∣∣2 cos2 θ +
∣∣g⊥h ∣∣2 sin2 θ

)
B

(3.7)

whereby θ = 0 corresponds to the pure Faraday and θ = 90◦ to the Voigt configura-
tion.

Since the energetic splitting is mirrored for donors and acceptors a direct distinc-
tion based on their spectral position is not possible. Nonetheless, a distinction can
be made based on the thermalization behavior. The largest splitting occurs in the
Voigt configuration since the largest and smallest g-factor is involved. The large
splitting based on the electrons g-factor occurs for a donor in the ground state and
an acceptor in the excited state. While the thermalization behavior in absorption
is caused by the ground state, the thermalization behavior is caused by the excited
state in PL [17, 18]. Hence both main components of an acceptor bound exciton
transition should have the same thermalization behavior (intensity with increasing
temperature) in absorption but different in PL resulting in a changing intensity
ratio of the two components. In the case of a donor-bound exciton transition, both
components should have a changing intensity ratio in absorption but identical (no
change of the intensity ratio) for PL. Therefore temperature-dependent PL with a
high magnetic field in the Voigt configuration can be used to identify whether an
impurity acts as a donor or as an acceptor.

Free excitons and excitons bound to ionized donors or acceptors

Free excitons and excitons bound to an ionized donor or acceptor have similar
properties regarding the splitting behavior in PL under the influence of an external
magnetic field. Similar to the prior chapter the energy splitting is illustrated in
figure 3.2. Based on group theory the free A-Exciton (see table 2.1) consists of a Γ5,
Γ2 and Γ1 state, where only the Γ5-state (allowed for E⊥c) is normally visible for
c-plane samples in a back-scattering PL. The Γ1 is weakly allowed with E ‖ c and
the Γ2 transition is forbidden. The symmetries of the energetic states are the same
in the case of a weakly bound exciton to an ionized impurity since the particles do
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not pair with opposing spins. The ground state represents the recombination of the
electron-hole-pair with Γ1-symmetry.

In the case of an external magnetic field, the excited states split only in the Faraday
configuration. The Γ5-state splits into two circular polarized states for E⊥c and
remains the only transitions visible in a normal backscattering PL for c-plane samples.
In the Voigt-configuration no splitting occurs but both transitions become visible
for both polarities E⊥c and E ‖ c. This appearance of an additional line under
an external magnetic field rather than a splitting is hence a clear indicator for an
exciton bound to an ionized donor or acceptor.
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Fig. 3.2.: Zeeman splitting of ionized bound exciton complexes involving Γ7 electron states
and Γ7 hole states of the exciton (A-exciton) in a constant external magnetic
field with B ‖ c (Faraday-configuration) and B⊥c (Voigt-configuration). Circular
polarized transitions are indicated by blue (σ+) and red (σ−) lines.

Used measurement setup

The measurement setup was almost identical to the PL setup (see chapter 3.2), hence
a macro-PL setup with a helium-cadmium-Laser as the excitation source. The main
difference was that the sample was mounted in an Oxford bath cryostat with liquid
helium cooled superconducting niobium split coils. The coils can induce a magnetic
field up to 7 T but to avoid a quench of the cryostat a maximum magnetic field of 5 T
was used. The sample was located in the middle of the cryostat on a turnable sample
holder and was submerged into superfluid helium for the low temperature (less than
2 K) measurements. For temperature-dependent measurements the sample was
gradually cooled down with cold helium gas. For the angle-dependent measurement
an optical rotary encoder was placed on the sample holder to determine the angle.
The sample could then be rotated in the magnetic field. To achieve the two main
configurations, Faraday and Voigt, the cryostat was rotated as a whole and the
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rest of the setup remained unchanged. To differentiate different polarizations a
λ/4-plate for the UV range from B-Halle was used to convert circular polarized into
linear polarized light. A linear polarizer was then used as an analyzer in front of
the entrance slit of the spectrometer to filter a specific polarization. To avoid any
contributions of the subsequent optics, i.e. the grating, the analyzer was fixed and
the λ/4-plate was rotated to change the polarization.

3.2.4 Reflectance
The reflectance was measured as an ideal additional method within the micro-PL
setup. Instead of an excitation laser, a commercially available InGaN LED with
a peak luminescence at around 365 nm and a half-width of 9 nm was used. The
UV-LED (Nichia NVSU233A) had a power consumption of 1030 mW. The reflected
light was analyzed with the same components as the micro-PL setup. The resulting
reflection spectrum of the the sample can give a more direct insight rather than PL
that involves the absorption of the excitation laser and radiative and non-radiative
decays. In addition, also selection rules are different for both methods.

3.3 Raman spectroscopy
The inelastic scattering of photons (typically in the visible range) with matter is
called Raman-scattering or Raman-effect, where the residual energy of this process
either increases or decreases the vibronic state of the system. Under the irradiation
of monochromatic light, a liquid, gas or solid the scattering does not only consist
of photons of the same energy and therefore wavelength but also with a part with
lower energy (higher wavelength) referred as Stokes shift as well as a part with
higher energy (lower wavelength) referred as Anti-Stokes shift. In contrast, the
elastic scattering which is mostly several magnitudes of order higher in intensity
is referred to as Rayleigh-scattering. In the case of solid-state materials such as
semiconductor crystals, the attributed quasiparticle to these collective vibrations is
called a phonon. While Raman-scattering in solid states involves optical phonons,
the analog process regarding acoustic phonons is called Brillouin scattering. The
considered Raman-effect in the later experiments involves mainly only one phonon,
hence referred to as first-order Raman [47, 48]. The used laser had an energy below
the bandgap to avoid luminescence.

At the beginning of the 20th century, theoretical physicists attempted to describe
optical phenomena with Einstein’s quantum theory of light. In 1922 Austrian
physicist Adolf Smekal proposed a model to describe the dispersion of light consistent
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with the new quantum theory [49] as a response to an unsuccessful attempt of
one of his English colleagues and grandson of Charles Darwin, Charles Galton
Darwin [50]. In his work, he expects that monochromatic light would also consist
of wavelengths with higher and lower energy after scattering with the occurrence
of "‘Translationsquantenübergangen"’ (translation quantum transitions). Today this
work is often considered as the prediction of Raman-scattering.
The Indian physicists C.V. Raman and K.S. Krishnan discovered "‘A New Type of
Secondary Radiation"’ in an attempt to find an analog effect to the Compton-effect
(X-ray scattering with electrons) for the visible photon range. They used a telescope
with a blue-violet filter, the sun as light source and a yellow filter to attenuate the
elastic Rayleigh-scattering to systematically analyze sixty different common liquids
and their dust-free vapors. The letter where they report their findings was published
in nature in March 1928 [51]. Notably, this letter did not contain any spectrum.
Only two years later C.V. Raman was awarded the Nobel Prize in Physics [@52].
In the same year when C.V. Raman published his letter also two soviet physicists Gr.
Landsberg and L. Mandelstam published their results about the inelastic scattering
of photons in crystals (quartz and calcite) using a mercury lamp as light source [53].
This paper was received in July 1928, only four months after Raman. To honor
this contribution the scattering process is sometimes also referred to as Raman-
Landsberg-Mandelstam-scattering. A more detailed summary of the history and its
controversy can be found elsewhere [54].

3.3.1 Macroscopic derivation of the Raman-effect
In the following the macroscopic derivation of the Raman-effect is presented to give
a brief introduction and can be found in full length elsewhere [55].

If we consider an incident light beam with its electric field E

E(r, t) = Ei(ri, ωi) cos(ki · r− ωit) (3.8)

inducing a corresponding polarization P in the medium.

P(r, t) = P(ri, ωi) cos(ki · r− ωit) (3.9)

Polarization P and the electric Field E are connected by the susceptibility = χ

P(ri, ωi) = χ(ki, ωi)Ei(ki, ωi) (3.10)
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so that the induced Polarization P can be expressed by

P(r, t) = χ(ki, ωi)Ei(ki, ωi) cos(ki · r− ωit) (3.11)

the collective lattice vibrations, the phonons, can be expressed as displacements
with generalized coordinates

Q(r, t) = Q(q, ωP ) cos(q · r− ωP t) (3.12)

so that also the susceptibility = χ can be expressed and be developed into a Taylor
series

χ(ki, ωi,Q) = χ0(ki, ωi) +
(
∂χ

∂Q

)
0

Q(r, t) + · · · (3.13)

Equation 3.13 insert in equation 3.11 with restriction to the first two term expresses
the two different scattering processes (elastic and inelastic) mentioned above. The
0. order represents the Rayleigh-scattering:

P0(r, t) = χ0(ki, ωi)Ei(ki, ωi) cos(ki · r− ωit) (3.14)

The 1. order represents the Raman-scattering

Pind(r, t,Q) =
(
∂χ

∂Q

)
0

Q(q, ωP ) cos(q · r− ωP t) ·Ei(ki, ωi) cos(ki · r− ωit)− ωit)

(3.15)
The last equation 3.15 can be rearranged to emphasize the two components:

= 1
2

(
∂χ

∂Q

)
0

Q(q, ωP ) ·Ei(ki, ωi) · ( cos [(ki + q) · r− (ωi + ωP )t)] + (Stokes)

cos [(ki − q) · r− (ωi − ωP )t)]) (Anti-Stokes)

(3.16)

A necessary condition that equation 3.15 does not vanish is that the susceptibility χ

changes with respect to the generalized coordinates, or in other words the Raman-
tensor

Rijm =
(
∂χij

∂Qm

)
(Raman-Tensor)

is unequal to zero.

3.3.2 Microscopic derivation of the Raman-effect
The derivation can also be done with the use of quantum mechanics and pertur-
bation theory as a microscopic theory. The lengthy derivation can be found again
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elsewhere [55]. However, since this derivation focuses on the involved quasiparticles
it will be outlined briefly in the following.

 

 

 

 

Absorption E Rayleigh Stokes Anti-Stokes 

Fig. 3.3.: Rayleigh, Stokes, and Anti-Stokes
processes of Raman-scattering.

We can simplify that the incident light
from equation 3.8 is monochromatic
hence all photons have the same dis-
crete energy. The Raman-scattering pro-
cess can be described by three steps.
First, the photon is absorbed by the
medium and creates an electron-hole
pair. Second, the electron-hole pair is
scattered and emits (create) a phonon
(Stokes case) or absorbs (annihilates)
a phonon (Anti-Stokes case) and hence changes its energy. Third, the electron-
hole-pair recombines and emits a photon with a different energy as the absorbed
one. Figure 3.3 shows a sketch for the Stokes and Anti-Stokes case. Solid lines
represent real electronic states (i.e. minimum and maximum of the conduction and
valence band respectively) and dashed lines virtual states. Normally the involved
intermediate states are virtual states but could also be real states (i.e. defect states).
In the latter case, the Intensity of the Raman-scattered light is increased due to
higher probabilities for the involved transitions and is used for resonant-Raman
spectroscopy [56].

3.3.3 Raman modes in ZnO
In a classical approach, a crystal can be modeled with point masses (atoms) with
interconnecting springs between the masses (binding). If the unit cell contains only
one atom, transverse and longitudinal acoustic vibrational modes can occur. If the
unit cell contains 2 atoms additional modes are possible where the 2 atoms move in
the opposite direction resulting in transverse and longitudinal optical vibrational
modes. In general, in crystals with n atoms in the unit cell 3 acoustic modes
and 3(n-1) optical modes occur. Since the unit cell of ZnO contains four atoms,
its spectrum is characterized by twelve vibrational modes: three acoustic phonon
modes(two transverse and one longitudinal) and nine optical phonon modes. For
first-order Raman spectroscopy, only the phonons in the center of the Brillouin zone
at the Γ-point are relevant. The optical modes are commonly denoted with their
Mullikan-symbol

Γopt = A1 ⊕ 2B1 ⊕ E1 ⊕ 2E2 (3.17)
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where A-modes are symmetric vibrations along with the c-axis B-modes are asym-
metric vibrations along the c-axis E-modes vibrations perpendicular to the c-axis
and twofold degeneracy. The A1 and E1 modes are both Raman and infrared-active,
the E2 is only Raman active and the B1-modes are silent. [57]. The corresponding
Raman-Tensors for wurtzite material are: [56]

E
(1)
2 (x =


d 0 0
0 −d 0
0 0 0

, E(2)
2 =


0 d 0
d 0 0
0 0 0

, E1(x) =


0 0 c

0 0 0
c 0 0

,

E1(y) =


0 0 0
0 0 c

0 c 0

, A1(z) =


a 0 0
0 a 0
0 0 b

.

In wurtzite ZnO, the A1 and E1 modes split at the Γ-point into transverse (TO)
and longitudinal (LO) modes due to the macroscopic crystal field caused by the
anisotropy of the ZnO crystal. [58]. The non-polar E2-modes have two frequencies
denoted as Ehigh

2 (high frequency) and Elow
2 (low frequency). The Elow

2 is associated
with the vibrations of the Zn sublattice, while the Ehigh

2 is related to the vibrations
of the O-ions [56].

The scattering intensity of the Raman modes depend on the geometric orientation
with

Is = |ei ·R · es|2 (3.18)

were ei and es are the polarization vectors of the incident and scattered light
respectively, and R the Raman tensor. The orientation of the incidents of the light
(xi) and its polarization (pi), as well as the orientation of the scattered light (xs)
and its polarization (ps) is commonly summarized in the Porto notation:

xi(pi, ps)xs (3.19)

Table 3.1 shows the active (A) Raman modes for different orientations, as well as
their expected position in a Raman spectrum.

3.3.4 Used measurement setup
The Raman setup consists of an Horiba HR800 LabRAM spectrometer, based on a
800 mm focal length Czerny-Turner-monochromator and a 1024x256 pixel Synapse
CCD. The spectrometer was equipped with different gratings which could be selected
for the measurement. For larger spectral distances a 600 l/mm was used while a
1800 l/mm grating was used for spectra with higher resolution. As excitation source
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Tab. 3.1.: Expected Raman-modes for wurtzite ZnO for different orientations. A stands for
active.

Mode Pos. [59] z(x, x)z̄ z(x, y)z̄ x(y, y)x̄ x(z, z)x̄ x(y, z)x̄ x(z, y)ȳ
(cm−1) z(y, y)z̄ y(x, x)ȳ y(z, z)ȳ

A1(TO) 378 A A
A1(LO) 574 A
Blow

1 silent
Bhigh

1 silent
E1(TO) 410 A A
E1(LO) 590 A
Elow

2 99 A A A
Ehigh

2 438 A A A

a helium-neon-laser (HeNe) was used with a wavelength of 632.8 nm (1.96 eV).
To attenuate the much higher Rayleigh scattering a notch filter for the specific
wavelength of the laser has been used which simultaneously acts as a beamsplitter
in the setup. The laser from the excitation path is reflected by the notch filter and
focused on the sample. The Raman signal with a different wavelength can pass the
filter into the detection path of the spectrometer. An Olympus 100X MPlan objective,
with a numerical aperture of NA = 0.9, was used to focus the laser on the sample
and collect the scattered light.

3.3.5 Tip-enhanced Raman spectroscopy
Since Raman spectroscopy uses light for detection, the lateral resolution is also lim-
ited by the Abbe-limit like in a normal optical microscope. In tip-enhanced Raman
spectroscopy (TERS) the Raman signal gets enhanced in the presents of a metallic
atomic force microscope (AFM) cantilever resulting in a localized origin of the signal
with respect to the apex of the cantilever. The resolution of the lateral information
can therefore be increased by a smaller diameter of the apex reducing the contact
between the cantilever and the sample and therefore also exceed the Abbe-limit.
The interaction of the cantilever and the sample is related to a different effect. In
1974 researchers reported an anomalously strong Raman scattering from pyridine
adsorbed on silver electrodes [60] and later interpreted as surface-enhanced Raman
scattering (SERS) [61] likely due to the excitation localized surface plasmons on
the metallic surface. TERS utilizes this SERS-enhancement of a metallic surface
by the AFM cantilever. The exact mechanism behind the SERS as well as TERS
enhancement is still under debate and there are already numerous effects identified
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which contribute to the enhancement individually and combined. [62, 63]

For the measurements, a coupled system consisting of a Horiba Hr800, as used for
the standard Raman measurements, and a Park XE 100 AFM was used. Both parts
were connected by a tubed beam path and the laser could be flipped by a flip mirror.
Again, the excitation source was the 632.8 nm (1.96 eV) laser line of a HeNe. The
sample was placed into the AFM and the custom-made gold cantilever approached
the surface by a piezo-stage. The laser was then focused with an Olympus SLMPLN
50X long distance (18 mm) objective with a numerical aperture of NA = 0.35 at an
incident angle of 60◦ with respect to the surface normal vector of the sample. The
alignment was done by a piezo stage moving the objective. Once the alignment was
done the relative position of the laser spot and the cantilever tip was locked. To
spatially scan the sample a third piezo stage was used. The Raman scattered light
was collected via the same objective and transferred to the Raman spectrometer. The
AFM was operated in tipping-mode during the measurement. The gold cantilever
with an apex of typically 15 nm had also a flat angle of incidence with respect to
the sample surface resulting in an elliptical shape contact. However, in the setup a
spatial resolution of 35 nm was achieved. [64]

3.4 Calibration and data processing
All photoluminescence and reflectance spectra have been recorded in wavelength,
calibrated and converted into energy. The calibration was done by recording a
reference spectrum of a mercury calibration lamp (Quantum Design - pen-ray
LSP035). The Raman spectra were calibrated by a custom-made neon lamp. The
energy conversion was then calculated by

E = hc

nλAir
(3.20)

with Planck’s constant h, the speed of light in vacuum c and the refractive index
of air n. To consider the wavelength dependency of n the values obtained by
Ciddor [65] for standard air were used.

The used CCD detectors have a limited range of counts resulting in an overflow
of the spectrum if the integration time is too long. However, if the integration
time is restricted to prevent such an overflow for the maximum peak, the shorter
integration time limits the signal-to-noise ratio of the smaller peaks in the spectrum.
To enhance the dynamic of the detector, several spectra were recorded and then
combined. In figure 3.4 the single spectra for different integration times are plotted.
Only the spectrum with the lowest integration time of 0.01 s contains the peaks
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with the highest intensity and for the smallest features a poor signal-to-noise ratio
is visible. For the higher integration times an overflow with a flat horizontal line is
visible. The small features have the best signal-to-noise ratio in the spectrum with
the longest integration time of 10 s. The spectra with the different integration times
have been adjusted in heights and combined to an spectrum with a high dynamic
range (HDR). Different spectra with an intensity scale of arbitrary units in a single
graph are shifted for clarity.

360 365 370 375 380

 0.01 s
 0.1 s

 1 s
 10 s

 HDR

Wavelength (nm)
Fig. 3.4.: Photoluminescence spectra for the same sample at different integration times.

The resulting merged high dynamic range (HDR) spectrum is shifted for clarity.
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Antimony doped zinc oxide
nanowires

4
This chapter focuses on the analysis of Antimony (Sb) doped Zinc Oxide (ZnO)
nanowires (NW). As described in Chapter 2 the potential of ZnO as a semiconductor
with a large bandgap for optoelectronic applications is hindered by its challenges
to achieve sufficient p-type doping. As described further, Sb could be a promising
candidate to master this challenge and gained therefore much attention recently.
The overall assessment of whether Sb acts like an acceptor and p-type conductivity
is feasible is however still controversial.

In order to increase clarity to this subject, a consistent sample series with different
doping concentrations of Sb has been grown and analyzed. The growth process
and the sample series will be described in the following section 4.1. The analyz-
ing methods and setups described in chapter 3 have been used to find answers
to the still open questions: Does antimony incorporate into the ZnO crystal and
what are the optical traces of this doping? What are the properties of the doping
states? Does Sb act as a donor or as an acceptor? For a satisfying answer, photo-
luminescence measurements are necessary, in particular under the influence of an
external magnetic field. In what form does Sb incorporate into the lattice? Are there
lateral differences within a single nanowire? For high lateral resolution micro-PL
(µ-PL), cathodoluminescence with a standard electron microscope (CL) as well as
with a scanning transmission electron microscope (STEM-CL) have been used. All
questions regarding the lattice have a direct impact on the phonons in the material
and can therefore be investigated with Raman spectroscopy, in particular impurity
sensitive local vibrational modes. To lateral differentiate within a single nanowire
tip-enhanced Raman spectroscopy (TERS) was used.

4.1 Growth
The analyzed samples have been grown by metalorganic vapor-phase epitaxy
(MOVPE) at the Simon-Frazer University in Vancouver, Canada within the research
group of Prof. Simon Watkins.

For this growth technique, a substrate is needed to be stored and heated in a
growth chamber also referred to as the reactor. The deposition of the desired

27



material at the surface of this substrate is a result of a chemical reaction of different
vapors in the chamber. Therefore, this growth technique belongs also to the category
of metalorganic chemical vapor deposition (MOCVD) just with the particularity of an
epitaxial deposition (growth layer-by-layer). The reagents, i.e. oxygen and zinc have
to be present as vapors in the chamber. The source for the metal is normally stored
in a stainless steel canister (bubbler) containing a liquid metalorganic compound
(precursor). The reagents are transported with the use of a carrier gas which is
passed through the bubbler until the gas is saturated with the precursor material and
then directed into the chamber. The source for the reactive nonmetal, i.e. oxygen,
in this case, is a suitable gas that can directly be passed into the chamber. Both
gases react at the surface of the substrate and a crystal appears to grow under
certain ambient conditions. Undecomposed precursors and byproducts of the growth
reaction can leave the chamber via an exhaust at the end.

For the heteroepitaxial growth of the analyzed samples prior annealed epi-ready
c-sapphire (Al2O3) substrates heated to a temperature of 600 ◦C have been used in
a horizontal reactor with an ambient pressure of 700 Torr. dimethylzinc (DMZn -
(CH3)2Zn) and trimethylantimony (TMSb - (CH3)3Sb) have been used as zinc and
antimony sources respectively and nitrogen (N2) as carrier gas. The Sb-doping
concentration was controlled by the gas flow rate of the saturated mixed gas of the
bubblers. Gaseous nitrogen dioxide (NO2) on the other hand has been used as a
source for oxygen. Under these conditions, ZnO nanowires grow spontaneously on
the surface of the sapphire substrate. The investigated sample series consists of 7
different samples with one intentionally undoped control sample.

Measurements on the as-grown samples are referred to as ensemble measurements
since a variety of different nanowires contribute to the detected signal depending
on the laser spot size. To be able to measure a subensemble of nanowires down
to even a single nanowire some of the nanowires have been scratched off of the
original sample with a scalpel and dispersed to a new sapphire or silicon dioxide
(SiO2) substrate.

4.2 Morphology of antimony doped nanowires
Bulk ZnO with high crystalline quality and low defect density has low absorption in
the visible range and is therefore transparent for the human eye. With the increase
of defects in the crystal, the appearance changes often to a transparent crystal with
a light yellowish color. Here, the analyzed samples appeared to be opaque white
with no tint of color (see fig. 4.1 a). The scratched areas where nanowires have
been removed, however, can be seen clearly on the surface. Under the microscope
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(fig. 4.1 b) with Nomarski contrast single nanowires are visible in the proximity of
the scratched surface as well as single dispersed nanowires on a (SiO2) substrate
with a hole grid (fig. 4.1 c).

a) b) c)

Fig. 4.1.: a) Photo of a sample b) Microscopic image of a scratch for dispersion c) Micro-
scopic image (Nomarski contrast) of dispersed nonowires on Si02 with a grid of
10x10 µm.

Since the nanowires are too small to measure size and form accurately directly on
the as-grown samples with an optical microscope, images have been taken with a
high resolution secondary-electron microscope (SEM) for the doping series at the
Otto-von-Guericke University in Magdeburg, Germany. As can be seen in figure 4.2
the nanowires grow dominantly along the c-axis on the sapphire substrate for the
undoped as well as the whole doping series. Only a minority is tilted or coalesced
with neighboring nanowires. On average the diameter size varies between 200 nm
and 600 nm. The average length of the nanowires varies between 1 µm and 3 µm.
With the increase of Sb-doping, the nanowires decrease in size and length. What
should be noticed is the cone-shaped tip of the nanowires, as well as the increase of
the diameter from the bottom to the top.

The change in size of the nanowires also changes the density of the sample as can
be seen in the top-view images.

4.3 Antimony related bound exciton transition
For the ensemble photoluminescence (PL) measurements the samples have been
mounted into a constant flux cryostat (see chapter 3.2 for setup description) and
have been excited with a helium-cadmium (HeCd) laser with a wavelength of 325 nm
(3.81 eV). Figure 4.3 shows a low resolution spectrum for a wider spectral overview
at 5 K from 2.8 eV to 3.6 eV.

The emission is dominated by the near band edge (NBE) luminescence where sharp
peaks from the free and bound excitons can be expected in the range from 3.3 eV
to 3.4 eV. This area will be further analyzed in the high resolution measurement in
figure 4.4. At the low energy part down from 3.3 eV a periodic signal is observed with
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Fig. 4.2.: Secondary-electron microscope (SEM) taken at Otto-von-Guericke University in
Magedburg, Germany. Side-view (left) and top-view (right) of the undoped; low,
medium, and high doped sample.

an energetic distance of 72 meV. This characteristic energy indicates that the NBE
luminescence appears repetitive times in the spectra with the same recombination

30 Chapter 4 Antimony doped zinc oxide nanowires



2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6

443 428 413 400 388 376 365 354 344
Wavelength (nm)

In
te

ns
ity

 (a
.u

.)

Energy (eV)

Sb
-c

on
ce

nt
ra

tio
n

72 meV72 meV

-1LO-2LO-3LO-4LO-5LO

NBE

Y0

?

Fig. 4.3.: Low resolution photoluminescence spectra of ensemble Sb-doped nanowires
(doping series) at 5 K from 2.8 eV to 3.6 eV.

process but in addition with the assistance (creation) of one or more longitudinal
optical (LO) phonons of 72 meV, hence the reduction of energy. The peaks are
therefore labeled with -LO and an integer indicating the number of phonons created
in the process. Although the overall intensity declines for the highest doped samples
it is notable that the characteristic of the dominant NBE luminescence persists
throughout the series. This indicates that the samples crystal structure does not
deteriorate significantly or degenerate since in this case a Moss–Burstein effect with
no exciton luminescence would be expected.

A more detailed focus on the NBE at 5 K from 3.30 eV to 3.39 eV in figure 4.4
reveals several sharp peaks which can be labeled based on their energetic position
in the spectra based on Meyer et al. [66]. The dominant peak is I8 at 3.3597 eV,
a neutral donor bound exciton (D0X) with gallium as chemical origin. Since this
peak is already present in the nominal undoped sample a gallium contamination
of the growth reactor or the precursors is the most likely cause for it. The peak
labeled I1 is the corresponding ionized donor bound exciton (D+X) (I+

8 ) transition
at 3.3714 eV. The free exciton luminescence at the high energy side is a broadened
peak with two components, the transverse component of the free A exciton (AT ) at
3.3753 eV and a longitudinal component (AL) at 3.3772 eV. The broad transition at
3.366 eV comes from a surface-bound exciton (SX) [67] which can be seen best as a
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Fig. 4.4.: High resolution photoluminescence spectra focused on the NBE emission of
ensemble Sb-doped nanowires (doping series) at 5 K from 3.30 eV to 3.39 eV.

symmetrical feature in the undoped sample. Its appearance is more intense in these
nanowire structures than in bulk material due to the large surface-to-volume ratio.
The transition Y0 at 3.3328 eV is associated with an exciton bound to an extended
structural defect [68]. Details on the specific origin of the SX and Y0 transitions are
still unknown.

Corresponding to the nominal increase of the doping an additional line ISb

emerges at 3.3642 eV and suggests a causality for the incorporation of Sb. Based on
a PL study by Cullen et al. [69] where ZnO had been doped with the radioactive
silver isotope 121Ag which decays through a chain to stable 121Sb and hence shows
an emerging and increasing peak in the spectrum correlated with the characteristic
half-life where the chemical origin can certainly be attributed to Sb. Between I8 and
ISb three narrow lines appear mostly referred to as Z-lines at 3.3612 eV, 3.3618 eV,
and 3.3623 eV. Reports of similar lines in this region have been reported earlier and
denoted as X-lines [70]. Due to a systematic study of carbon-doped ZnO NW in
chapter 5.2 it is evident that the Z lines originate from the incorporation of carbon.
All further investigations on this doping series are carried out for the medium doped
sample (green in fig. 4.4) if not indicated otherwise.

In figure 4.5 the photoluminescence spectrum is compared with its corresponding
reflection spectrum.
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Fig. 4.5.: Comparison of high resolution photoluminescence and reflectance spectra of the
medium Sb-doped ensemble nanowires at 5 K.

The individually different tilted surfaces of the nanowires with respect to the
substrate surface results in a strong scattering of the light rather than a clean
reflection compared to a uniform surface. This is also the reason for the optically
opaque appearance. Although this makes the samples not ideal for this kind of
measurement, since most of the light is lost for detection after the scattering, it is
remarkable that the dominant features are still visible in the reflection spectrum.
The emission peak in the photoluminescence corresponds to the turning point of
the exciton oscillation in the reflection spectrum, hence the small peak shift if both
measurements are compared. In addition to the free A exciton (FXA) in the PL
spectrum, the free B exciton (FXB) is also visible on the higher energy side of the
reflection spectrum.

4.3.1 Thermalization behavior
Although there is already strong evidence that the transition ISb is directly dependent
on the incorporation of Sb as prior described, the specific kind of exciton transitions
still need to be determined. Temperature-dependent measurements contribute to
decide whether ISb is a bound exciton in a ground state such as a neutral donor/ac-
ceptor bound exciton (D0X/A0X) or an exciton in an excited state such as an
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exciton bound to an ionized donor/acceptor (D+X/A+X) or a rotational/vibra-
tional state. Due to the possible direct comparison of ISb to I8, which is a D0X and
I1, which is a D+X state, as well as Y0 where the exciton is bound to an extended
structural defect, unique attributes of the nanowires which might have an influence
can be excluded.

The medium doped sample was mounted as prior for figure 4.4 and the tempera-
ture was varied between 4.6 K and 120.0 K.
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Fig. 4.6.: High resolution photoluminescence spectra focused on the NBE emission of
ensemble medium Sb-doped nanowires (temperature series). Low (blue) to high
(red) temperatures between 4.6 K and 120.0 K.

Figure 4.6 shows all spectra at different temperatures from low (blue) to high
(red) temperatures. In general, the overall intensity of the spectrum decreases with
the increase in temperature, where bound excitons dominate at low temperatures
and free excitons dominate at high temperatures. In addition, all peaks shift to
lower energy due to bandgap renormalization. The change in the peak form of the
free exciton can be seen in the inset. At slightly more elevated temperatures the
two components AT and AL cannot be separated anymore resulting in a broad but
symmetrical peak FX. The free exciton transition is hence analyzed as a single
peak. Both effects, change of intensity and position, are further analyzed separately.
Figure 4.7 a) shows the change of the energetic position for different transitions
based on a single Gaussian fit for every identified line in figure 4.6. Due to the
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weak intensity only Z1 and Z2 at 3.3612 eV and 3.3618 eV respectively have been
considered further in the analysis.
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Fig. 4.7.: Energetic position of different transitions at temperatures between 4.6 K and
120.0 K. Fitted with a model by Viña [71] and Varshni [72]

.

All transitions decrease initially with increasing temperature besides the free
exciton (FX), again due to the two components AT and AL. The AT component
quenches first when the temperature increases resulting in an initial increase. To
reduce the influence of this the positions up to 20 K have been neglected for the
following analysis.

There are different models to explain the shift in position with temperature [72,
73, 74, 71, 75, 76].The purely phenomenological model by Varshni [72] is used
mostly throughout the literature to describe the temperature dependence of the
band-gap of different materials but its coefficients α and β (see equation Varshni)
are not directly connected to certain material properties. The

E(T ) = E(0)− αT 2

β + T
(Varshni)

The free exciton is the best representative to quantify the change of the bang-gap
resulting in an α and β of (8.7± 0.8) · 10−4 eV/K and (1004± 111) K respectively
which is higher than usually reported for bulk ZnO [66]. For cryogenic tempera-
tures, however, the model by Varshni is considerably inadequate and more robust
concerning its parameters at higher temperatures [76].
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In contrast to Varshni the model by Viña et al. [71] (see equation Viña) is based
on a Bose-Einstein model.

E (T ) = E(0)− α

exp(θ/T )− 1 (Viña)

The parameter α considers the electron-phonon coupling, and θ is the effective
phonon temperature.

In figure 4.7 a) all spectral positions have been fitted with the Viña model. Ta-
ble 4.1 summarizes the results of the fits for the different models.

Tab. 4.1.: Fit results of the temperature-dependent PL based on the Viña model.

Line α (meV/K) Θ (K)

FXA 27.8± 0.4 157± 1.6
I1 1.1± 0.5 26± 1
ISb 13.0± 0.5 114± 3
Z2 6.0± 0.4 80± 3
Z1 4.5± 0.4 72± 3
I8 19.4± 0.6 140± 3
Y0 0.4± 0.2 13± 5

The difference between the position of the free exciton (more accurately the
traverse part AT ) to the other transitions is referred to as the localization energy
Eloc. Figure 4.7 b) indicates the temperature-dependent difference. By comparison,
ISb and I8 have a similar temperature dependency and both differ significantly
compared to the Y0 and I1 lines. The differences are especially pronounced in the
temperature behavior of the localization energy. The localization energy of Y0 and
I1 increases persistent with increasing temperature where the localization energy
for ISb and I8 increased initially up to 20 K and then decreases. The initial increase
is again caused by the simplification of the fit for the free exciton position. The
decrease in the localization energy with increasing temperature is explained by
an increase of free charge carriers and the accompanied screening of the impurity
potential.

The change in intensity for bound excitons follows a Boltzmann statistics (see
equation Boltzmann)

I(T ) = I(0)
1 + g exp (−Eact/TkB) (Boltzmann)

where I(O) is the emission intensity at T = 0 K, Eact is the activation energy, kB is
the Boltzmann constant and g is the degeneracy ratio of the considered energy levels.
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Since the intensity has a reciprocal temperature dependency the data is commonly
presented in an Arrhenius plot (see fig. 4.8).
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Fig. 4.8.: Arrhenius plot: Temperature-dependent change in emission intensity

The resulting activation energies are presented in table 4.2.

Tab. 4.2.: Activation energies (Eact) based on a Boltzmann model with g as the degeneracy
ratio of the considered energy levels. Localization energies (Eloc as reference.)

Eact (meV) g Eloc (meV)

FXA 26.0± 1.0 163± 29 -
I1 4.71± 0.14 68± 7 4.1
ISb 13.2± 0.5 305± 55 11.6
Z2 13.2± 1.7 178± 43 14.2
Z1 19.0± 1.9 1883± 675 14.7
I8 18.4± 0.3 574± 53 16.1
Y0 4.2± 0.2 111± 20 43.1

Although Y0 has the highest localization energy its determined activation energy
is considerable less indicating that the involved bound exciton is not bound as a
whole quasiparticle to the defect center which results in a lower energy required to
detach the exciton. This discrepancy to the normal trend of an exciton bound to a
donor impurity has been reported for bulk ZnO in Wagner et al. [68]. For the other
lines, the activation energy is similar to the localization energy. The offset in the
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activation energies compared to the respected localization energies especially for
Z1 and Z2 could be explained be underlying broader emission of the surface-bound
exciton (SX) which also has a particular temperature dependence, as well as the
close proximity of the lines to each other.

Based on the photoluminescence behavior in direct comparison to the I8 transition
it can be concluded that ISb is a new ground state bound-exciton transition and
not an excited state of an already existing bound-exciton state as a rotational state
or an ionized bound exciton. Based on the position and localization energy of the
bound-exciton Sb creates a shallow state. To determine whether this state acts as a
donor or as an acceptor the behavior of the transition in photoluminescence under
the influence of an external magnetic field is decisive.

4.3.2 Magneto-optical properties
Photoluminescence (PL) measurements with an additional external magnetic field
utilize the Zeeman effect to give further insight into the nature of the involved energy
states of a transition. Section 3.2.3 explains the general concept and describes the
used setup. A significant change to the prior setup is the use of a bath cryostat
with a superconducting split coil to generate the magnetic field with a strength up
to 5 T. Since the orientation of the magnetic field within the cryostat is fixed the
sample has to be turned by 90 degrees as well as the whole cryostat to be able to
measure in the two distinct orientations (Voigt and Faraday orientation). The sample
is cooled with superfluid helium whereby the low temperature measurements were
done at 2 K. Instead of a microscope objective a UV transmissive lens was used
due to the required larger working distance in the cryostat. Early results on the
magneto-optical properties and thermalization of Zeeman components are published
in Hegde et al. [77].

For the measurement, the magnetic field has been changed continuously while
the PL spectrum has been detected in short time intervals of less than a second.
Figure 4.9 shows a subset of the retrieved data for integer values of the magnetic
field in the region of the I8 and ISb.

The linear line splitting in the Faraday configuration is significantly smaller than in
the Voigt configuration. The dotted black and red lines indicate the different circular
polarization components at 5 T. The higher (lower) energy Zeeman component is
σ+ (σ−) circular polarized in the Faraday configuration, whereas no polarization
dependency could be observed in the Voigt configuration. Besides the polarization de-
pendency both lines have approximately the same intensity. For the angle-dependent
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Fig. 4.9.: Photoluminescence spectra for different magnetic fields in the region of the
ground-state bound excitons. a) Faraday configuration (B ‖ c). b) angle between
B and c at 5 T c) Voigt configuration (B⊥c)

measurement the sample was initially set in the Voigt configuration (θ = 90◦) at 5 T
and then rotated to change the angle between B and c. Simultaneously also the
angle between E and c changed accordingly allowing not only E⊥c components to
contribute but also E ‖ c components. The result is a 4-fold splitting with additional
peaks in the shoulders of the linear split lines. In figure 4.10 the acquired spectra
are presented in a contour plot for the Faraday and Voigt configuration as well as
the spectral position of the I8 and ISb line based on multiple Lorentzian fit. There
are less data points for ISb due to the lower intensity compared to I8.

To determine the electron and hole g-factors the data in the angle-dependent
measurement have been fitted based on equation 3.7. Based on these values (see
table 4.3) the complete 4-fold splitting for the I8 and ISb transitions are reconstructed
and presented as solid lines in figure 4.10.

Tab. 4.3.: Electron and hole g-factors for I8 and ISb.

Line ge g
‖
h g⊥h Ref.

I8 1.92± 0.01 −1.08± 0.02 0.10± 0.04 this work
1.92 −1.25 0.25 [17, 18]
1.92 −1.24 0.08 [78]

ISb 1.93± 0.04 −1.25± 0.06 0.11± 0.12 this work
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Fig. 4.10.: Zeeman splitting of the I8 and ISb transition. All spectra as are presented in a

contour plot for the a) Faraday and c) Voigt configuration. The data points in b)
are based on multiple Lorentzian fits for the angle-dependent measurement at
5 T.

Both lines I8 and ISb show similar splitting behavior with a much large splitting
of the inner branches in the Voigt configuration and an additional small splitting
of the outer branches to the inner branches which could not be observed in the
experiment. In the Faraday configuration, the splitting of the inner branches is
smaller as compared to the Voigt configuration due to

∣∣∣g‖h∣∣∣ > ∣∣∣g⊥h ∣∣∣ but show opposite
circular polarization where in the Voigt configuration no polarization effect is visible.
The outer branches in the Faraday configuration have a large splitting to their
inner counterpart but are forbidden in this measurement geometry and were hence
also not visible. In the angle-dependent measurement, the outer branches can be
observed, however, due to the mixed geometry. Since no crossing of the inner
branches occurred it can be concluded that no exciton with a hole of Γ9-symmetry
is involved. In contrast to the neutral-bound excitions, no splitting for the ionized-
bound excition is expected. This can be seen in figure 4.11 which shows the spectra
for the D+X region up to the free A-exciton.

At higher magnetic fields additional lines appear and rise with magnetic field
strength at the lower end of the I1 and FX line. These peaks are the corresponding
transverse components of I1 and FX which are normally (weakly) forbidden in
this geometry and become allowed with an additional magnetic field [79]. To
determine whether ISb is an acceptor or rather a donor-bound exciton like I8 the
renormalization ratio of the Zeeman components is crucial. Figure 4.12 shows the
peak shift and change in intensity for I8 (top) and ISb (bottom).
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Fig. 4.12.: Temperature dependency of the I8 (top) and ISb (bottom) transition at 5 T

As described in 3.2.3 the Zeeman splitting is determined by the corresponding
g-value, where ge for an electron is significantly greater than for the hole gh. Since
the exciton binds with its electron (hole) on a donor (acceptor) the Zeeman splitting
is predominantly defined by the ground (excited) state splitting. In PL the thermal-
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ization is in contrast to absorption dependent on the splitting of the excited state.
Both Zeeman components do however quench simultaneously for the I8 and ISb

transition. Both lines are hence neutral donor bound excitons D0X involving an
A-exciton with Γ7-symmetry for the electron and hole.

4.3.3 Excited states
While in photoluminescence (PL) the excitation energy normally exceeds the bandgap,
the detected emission is also normally off-resonant. Contrary in photoluminescence
excitation (PLE) spectroscopy the excitation energy is tuned so that in the case of
a resonant excitation an enhancement of the intensity can be detected and reveal
additional associated states.

As a tunable source, a dye laser has been used as described in chapter 3.2.2. Since
the dye-laser is optically pumped by an excimer-laser the main difference to the prior
measurements is the pulsed excitation with ns-pulses, a repetition rate of 100 Hz and
therefore a repetition time of 10 ms. This yields two disadvantages: Firstly, the laser
excites the sample only within the pulse duration and since the transient time of the
photoluminescence is normally short (fs to ps) the emission from the sample is also
emitted as a ns-puls. The CCD however can detect photons throughout the whole
repetition time which drastically reduces the signal-to-noise ratio since most of the
time the sample does not emit any photons. Secondly, a higher excitation density
within the laser puls can result in the generation of much more free carriers as in the
case of continuous excitation which could make the formation of excitons impossible
due to screening. To avoid this the excitation power was reduced drastically. Both
effects combined prevent the detection of an ordinary photoluminescence spectrum
as in figure 4.4. Therefore a spectrum with a helium-cadmium (He-Cd) laser was
measured prior to the PLE. The dye-laser is initially set to an energy above the
bandgap of the nanowires and then tuned down while the CCD detects the PL signal.

In figure 4.8 the different excitation-dependent PL spectra are oriented horizon-
tally as a contour plot. The reflected laser is also detected to calibrate the excitation
energy. The detection is logarithmically scaled and two additional peaks on each
side of the laser can be seen which comes from the laser setup itself. The positions
of the regarded PL transitions are labeled on top of the graph. As can be seen, the
intensity of these lines varies significantly depending on the excitation energy. To get
the PLE spectrum for each transition vertical profiles are taken out of this contour
plot and plotted with the reference He-Cd PL spectrum in figure 4.14.

In the PLE spectrum, distinct excitation channels are visible and labeled with
integers. The corresponding ground state to each PLE spectrum is marked in the
PL spectrum. Transitions involving a hole from the B-valence band are reported
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Fig. 4.13.: Photoluminescence excitation (PLE) of Sb-doped ZnO nanowires. The contour
plot shows all PL spectra with varying excitation energy.

4.5 meV higher than the ground state [80, 81], hence here indicated by a dotted
reference line. The peak at 3.379 eV is visible for all transitions at the same energetic
position and most likely the resonant excitation via the free A-exciton. In Table 4.4
the relative and absolute peak positions are presented.

Tab. 4.4.: Absolute and relative Positions of the peaks found in the PLE spectrum of Sb-
doped nanowires

0 1 2 3 4 5 6 7 8

I8
Pos. (eV) 3.35979 3.36109 3.36426 3.36633 3.36866 3.37068 3.37225 3.3747 3.3770
∆ (meV) 1.3 4.5 6.5 8.9 10.9 12.5 14.9 17.2

Z1
Pos. (eV) 3.36123 3.36424 3.36576 3.36758 3.36840 3.3722
∆ (meV) 3.0 4.5 6.3 7.2 11.0

Z2
Pos. (eV) 3.36191 3.36639 3.36752 3.3730
∆ (meV) 4.5 5.6 11.1

ISb

Pos. (eV) 3.36433 3.36532 3.36626 3.36810 3.36922 3.37214 3.37373 3.3751
∆ (meV) 1.0 1.9 3.8 4.9 7.8 9.4 10.8

Sb shows again a similarity to I8 but with a compressed spacing as can be ex-
pected from a shallower donor state. According to Meyer et al. [81] rotational and
vibrational states can be expected between the ground state involving the A-exciton
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(D0XA) and the ground state involving the B-exciton (D0XB) and excited states
with energies higher than (D0XB).

4.3.4 Photoluminescence of single dispersed nanowires
All prior measurements have been carried out for the as-grown sample, hence for an
ensemble of different nanowires. To investigate whether the properties of a single
nanowire are comparable to an ensemble single nanowires have been investigated.
The procedure for the dispersion of the nanowires is described in 3.2.1 as well as the
description of the setup. Again the analysis is focused on the medium doped sample.

Figure 4.15 shows the power-dependent photoluminescence of a single dispersed
nanowire on sapphire. The specified power is the nominal power of the cw laser
excitation of the helium-cadmium (He-Cd) laser measured behind the microscope
objective. To be able to convert this into an excitation energy the spot size of the
laser is necessary and was assumed to be in the order of 1 µm for the conversion.
Since the nanowires are likely to be smaller than this although the precise size
cannot be determined here the values should be used just for a rough reference.

The PL spectrum for a single nanowire is not drastically different from that for the
ensemble. The near band edge luminescence dominates the spectrum with the I8 at
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medium doped sample.

3.3598 eV. At lower excitation density two additional lines appear at 3.3032 eV and
3.3406 eV labeled as Y ′ and Y ′′ respectively, due to their similarity to Y0 at 3.3327 eV.
Also, the ionized donor-bound exciton I1 at 3.3719 eV is more prominent in lower
excitation density as well as the form of the free A-exciton with its transverse and
longitudinal components. These effects at lower power excitation are visible due
to less screening caused by fewer free charge carriers. This is also in agreement
with why in the D+X region of the PLE spectrum (see figure 4.13) the observed I1

was considerably weaker as in the normal PL setup. Contrary to these findings the
Z-lines between I8 and ISb are much more prominent for higher excitation densities.

Several single nanowires have been mapped in the confocal micro-PL (µ-Pl) setup.
Figure 4.16 shows the mapping for four different nanowires. The intensity has been
integrated over the whole spectral range.

In figure 4.16 a) the elongated form of a nanowire can be seen in the middle of the
map but its size appears to be much greater than what would be expected from the
optical or SEM image. As can be seen from the isolines (lines of constant intensity)
of the contour plot is that the deduced size is dependent on the contrast. Since
the intensity in the background of map a) barely shows a constant background a
larger area has to be mapped. Map b) therefore covers a larger area. The elongated
nanowire form is distorted at the bottom of the map. In map c) a distortion is also
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Fig. 4.16.: Lateral mapping of of four dispersed single nanowires

present but in addition, there seems to be ghosting where additional nanowires
appear next to the image. This could be caused by a not optimized focus. In map d)
the nanowire form is still distorted but it can be estimated that one end, the tip or
the bottom, has a higher intensity than the other. However, the mapped size is still
much larger than the real size.

It can be concluded that the mapped size of the nanowire is not only the result of
the convolution of the excitation laser spot size and the real size of the nanowire. In
fact, the detected signal is the integrated intensity over the whole field of view of
the setup. Figure 4.17 presents two images seen through the microscope.

Figure 4.17 a) shows the field of view while an additional LED background
illumination is turned on. The camera is a standard gray-scale microscope CCD.
Since standard CCDs normally have a very low sensitivity below 350 nm without an
additional coating that converts UV into visible light the laser is not directly visible
in the images. However, an area of diffusely scattered light of the laser is present.
In the center, the emission of a single isolated nanowire can be seen. In b) the
back illumination is turned off and an additional emission of another nanowire can
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Fig. 4.17.: a) Field of view of the micro-PL setup with illumination on. The laser is diffuse
scattered and a single nanowire is visible in the center b) With the illumination
off an additional nanowire is visible on the right side.

be seen on the right hand side of the scattered laser light area. Surprisingly the
scattered laser is already sufficient to excite a nanowire and since the whole field of
view is been detected a distortion occurs if the nanowire is not isolated within the
field of view and other nanowires can contribute. This effect could be reduced if
the field of view is decreased by spatial filtering which requires additional optics or
by a reduction of the density of the dispersed nanowires. Another way is to reduce
the likelihood of the excitation of peripheral nanowires. In PL this can optically be
achieved by changing to two-photon absorption. Another way to excite the sample
with similar properties is the use of an electron beam.

4.4 Cathodoluminescence for increased lateral
resolution
In cathodoluminescence (CL) the excitation of the sample is not done by a laser but
with an electron beam. All CL measurements were made by Marcus Müller and Peter
Veit at the Otto-von-Guericke University in Magdeburg, Germany. The excitation
with an electron beam has basically two advantages. Firstly, the focus of the electron
beam can be much smaller due to the smaller de-Broglie wavelength of electrons
compared to UV photons, hence a higher lateral resolution is possible. Secondly,
the electron beam can be deflected electrically or magnetically, and therefore no
mechanical movement is required to probe a sample. Simultaneously the precise
location can more easily be depicted by the use of secondary electron microscopy
(SEM). With the use of a scanning transmission electron microscopy (STEM) in CL
mode even higher spatially resolved measurements are possible.
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Figure 4.18 shows how precise the selection of a single nanowire is possible
compared to an optical microscope. In c) the single nanowire on the top has been
measured by CL.

4.4.1 Cathodoluminescence
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Fig. 4.18.: Secondary electron microscope image a) overview b) close up on the substrate
edge c) single nanowire used for cathodoluminescence

For reference a single intentionally undoped nanowire has been measured by
CL. Figure 4.19 shows the two linescans, a) from the bottom to the top of the
nanowire and b) a scan from edge to edge. The undoped nanowire predominantly
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Fig. 4.19.: Cathodoluminescence of a single undoped nanowire a) linescan from bottom to
the tip and b) from edge to edge. The graph below shows the detected spectra
at the specified position along the scan.

emits spectrally at the near band edge which was also the case by exciting optically
(chapter 4.3) with the gallium donor-bound exciton I8 line. The intensity is highest
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at the tip of the nanowire although the different spectra are quite similar along
the linescan. The contour plots intensity is scaled linearly. A linescan from edge
to edge at a point close to the tip indicates that the emission is quite homogenous
radially. The higher intensity at the tip can be explained with a higher incorporation
of dopants, gallium in this case or by the larger nanowire volume or surface due to
the cone-shaped tip.

Figure 4.20 shows the same experiment but with the medium doped sample.
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Fig. 4.20.: Cathodoluminescence of a single medium doped nanowire a) linescan from
bottom to the tip and b) from edge to edge. The graph below shows the detected
spectra at the specified position along the scan.

Again for the medium doped sample, the intensity at the tip is higher but contrary
to the undoped sample the intensity differs by two orders of magnitude compared
to the rest of the nanowire. A linescan from one edge to the other at a location close
to the tip again shows a homogenous intensity. The difference of the intensity at the
tip compared to the bottom is unlikely caused by a volume or surface effect if the
undoped sample is used as a reference. Although the I8 line is still the predominant
peak throughout all locations as can be seen in the spectra in figure 4.20 a) at the
bottom, ISb also rises significantly towards the tip.

To distinguish whether this might be a surface effect or if the emission comes from
the whole volume of the nanowire additional cathodoluminescence measurements
with a scanning transmission electron microscopy are presented in the next section.
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4.4.2 Cathodoluminescence with scanning transmission electron
microscopy
For this measurement, nanowires have been dispersed on a TEM-grid and placed on
a cryo-sample holder inside a scanning transmission electron microscopy (STEM).
Besides CL measurements also annular dark-field (ADF) and high-angle annular
dark-field (HAADF) images have been obtained. Figure 4.21 shows the results for
the medium doped sample.
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Fig. 4.21.: High-angle annular dark-field (HAADF), and annular dark-field (ADF), panchro-
matic cathodoluminescence intensity (CLI) with a linear intensity scale as well
as CLI with a logarithmic scale.

In the inset, the ADF and HAADF show the outline of the nanowire form with
the cone-shaped tip. The outline has been used to assign the spatial distribution of
the CL signal. Again, the polychromatic emission stems predominantly from the tip.
Single spectra are carried at the indicated points a), b), and c). Unfortunately, the
spectral resolution is not sufficient to distinguish individual peaks of the near-band
edge luminescence. The spectrum is however similar to the overview PL spectra
with low resolution (see fig. 4.3).

The CL measurements affirm the stronger luminescence at the tip of the nanowires.
A volume effect can be ruled out since the undoped nanowire does not show
such a significant difference. It is still unclear if this effect stems from higher
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incorporation of dopants or if the incorporation somehow induce defects which
alters the luminescence below the tip. Although the ADF and HAADF signal does
not reveal extended structural defects the identification of defects in STEM is far
from trivial and therefore defects cannot be ruled out as the cause for the intensity
difference.

4.5 Antimony related phonons
The origin of the traces in the luminescence is the incorporation of dopants but
from the luminescence alone it is not possible to determine unambiguously whether
dopants have been incorporated at the specific location or not. Hence an additional
method is necessary. Secondary ion mass spectrometry (SIMS) could reveal the
composition of the lattice but it is a very challenging method for nanowires since the
nanowire needs to be embedded into a matrix to ensure a layer-by-layer ablation.
The incorporation of dopants into the crystal lattice can result in distinct traces in the
Raman spectrum as local vibrational modes occur. Therefore, in the next section, the
effect of the dopants is analyzed by Raman spectroscopy of the as-grown samples. To
increase the lateral resolution and to analyze a single nanowire tip-enhanced Raman
spectroscopy (TERS) was performed by Emanuele Poliani (Technische Universität,
Berlin, Germany). Both techniques are described in chapter 3.3.

4.5.1 Local vibrational modes
To identify whether Sb have distinct traces, Raman spectroscopy measurements have
been carried out for the ensemble as-grown samples. In Figure 4.22 the spectra of
the series is presented between 80 cm−1 and 780 cm−1 which is the region of the
first order host modes of ZnO as well as where local vibrational mode would be
expected.

In the low energy range up to approximately 180 cm−1 the background stems from
the filter and alignment of the setup and is visible in a variety of different samples.
To identify the specific modes in the spectra the peaks have to be distinguished
by ZnO host modes [59, 56], Al2O3 (Sapphire) modes [82] which come from the
substrate of the nanowires, additional modes which occur if ZnO has been doped
with N [83] or Fe, Sb, Al, Ga, N [84]. Some of the modes occur independently of
the specific dopant and are likely just caused by the doping but may not involve the
dopant itself in the mode. In contrast, some modes do occur exclusivity for distinct
dopants such Sb [84].

In the spectra, the gray solid lines are visible ZnO host modes. The gray dotted
lines are ZnO host modes for reference which would not be expected here since
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Fig. 4.22.: Raman specroscopy of the doping series of the ensemble. Gray bold lines are
ZnO host modes. Blue bold lines are Sb-doped related local vibrational modes.
Red bold lines are local vibrational mode which are related exclusively on Sb-
doping. Gray dotted lines are ZnO modes involving acoustic modes. Green bold
lines marked with an asterisk are Al2O3 modes which stem from the substrate.

these modes are either not active at the Γ-point (involving acoustic modes) or are
not allowed in this specific z(x, x)z̄ geometry. The green lines labeled with an
asterisk stem from the substrate. The additional modes marked with solid blue lines
labeled with Sb have been prior reported with Sb doping while the red lines have
been exclusively reported for Sb-doping. Since some peak positions have double or
more occupancy table 4.5 indicates all possible origins in proximity. The Sb-related
additional modes (blue and red lines) are visible in contrast to the undoped sample
besides the mode reported at 511 cm−1 where interestingly a dip is visible. It is of
importance to note that these additional modes also have to obey selection rules in
general and might be inactive in specific geometries. The 511 cm−1 for instance is
hardly visible in Fe:ZnO thin films in the z(x, x)z̄ geometry but clearly visible in the
x(y, z)x̄ geometry [84]. Unfortunately Raman spectra for different geometries of
high quality Sb:ZnO has not been reported yet.

The intensity of the Sb-related modes does not directly follow the nominal Sb-
concentration of the sample series compared to the intensity of the Sb-peaks in the
PL. For the Raman measurements, a 100X objective has been used in contrast to a
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Tab. 4.5.: Summary of the identified Raman modes. Peak position and width are based on
Lorentzian fits.

Frequency (cm−1)
This work width Ref. Origin Symmetry Process Ref.

98.6 1.1 99, 101 ZnO E2 Elow
2 [59, 56]

275.6 6.5 275-277 Fe, Sb, Al, Ga, N [84, 83]
332.6 22.6 333, 332 ZnO A1, (E2, E1) Ehigh

2 − Elow
2 [59, 56]

377.0 5.4
378, 380 ZnO A1 A1(TO) [59, 56]
378.7 Al2O3 Eg [82]

416.6 5.0 417.4 Al2O3 A1g [82]

436.7 7.4
430.2 Al2O3 Eg [82]
438, 437 ZnO E2 Ehigh

2 [59, 56]
– – 448.7 Al2O3 Eg [82]
– – 510-513 Sb, Fe Al, Ga, N [84, 83]

533.4 94.0
531 Sb [84]
536, 541 ZnO A1 2Blow

1 ; 2LA [59, 56]

576.0 28.8
574, 574 ZnO A1 A1(LO) [59, 56]
576.7 Al2O3 Eg [82]
583 Fe, Sb, Al, Ga, N [84, 83]

642.0 3.1
644.6 Al2O3 A1g [82]
644 Fe, Sb, Al, Ga, N [84, 83]

684.5 7.0 685 Sb [84]
747.7 12.0 750.0 Al2O3 Eg [82]

20 X objective in micro-Pl or a lens in the normal PL setup. This would generally
result in a smaller spot size and hence a smaller number of nanowires contribute.
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Fig. 4.23.: Modes of carbon doping at higher fre-
quencies of the medium doped sample

The Raman effect as a scattering
process is additionally very sen-
sitive to the power density and
hence a small focus is optimal.
In PL this is not necessarily the
case. Due to a saturation effect
of single nanowires a larger spot
size can increase the overall sig-
nal if more nanowires contribute
but with a smaller power density
to avoid such saturation.

The two modes which oc-
cur exclusively in Sb:ZnO are
also present at 533.4 cm−1 and
684.5 cm−1 and correlate in inten-
sity throughout the series. The
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mode at 533.4 cm−1 however is broader and is in close proximity to the 2Blow
1 while

the mode at 684.5 cm−1 is isolated from other possible modes.
There are also two unidentified peaks at 471.8 cm−1 and 675.9 cm−1. The first

peak is also visible in the nominal undoped sample (black) as well as in a lower
doped sample (blue). The latter peak occurs in the shoulder of the 684.5 cm−1 Sb
exclusive mode and correlates in intensity with it. In addition to the appearance of
carbon related Z-lines in PL also carbon related bands are present at higher phonon
energies as shown in figure 4.23 for the medium doped sample. The D band at
1365 cm−1 as well as the G-band at 1394 cm−1 confirms the incorporation of carbon.

The mode’s intensity is not a suitable reference in the series to identify whether
more Sb has been incorporated between different samples due to possible changes in
geometry or statistical changes due to the different amount of nanowires contributing
to the measurement. However, if these effects can be excluded the comparison of
the intensity of a single nanowire can be reliable. The appearance of Sb-related
modes in the ZnO nanowires especially the ones which appear exclusively in Sb:ZnO
can be used to determine whether the incorporation of Sb increases towards the tip
of the nanowire. For sufficient lateral resolution tip-enhanced Raman spectroscopy
(TERS) has been performed.

4.5.2 Spatial analysis of local vibrational modes
In the tip-enhanced Raman spectroscopy (TERS) setup an atomic force microscope
(AFM) is combined with a regular Raman setup as described in more detail in
section 3.3.5. Its advantages is on the one hand the enhancement of the Raman
signal by a plasmonic interaction of the sample with the gold tip of the AFM and
on the other hand an increased lateral resolution. Nanowires of the medium doped
sample have been dispersed on a Si02 substrate and mapped by AFM. After that, a
linescan on an individual nanowire was made. Figure 4.24 shows the AFM image in
an inset as well as the respective spectra at the particular locations.

The spectra show again the ZnO host modes, as well as additional modes at
275 cm−1, 676 cm−1, and only one of the exclusively Sb-related modes at 685 cm−1.
The experiment on the dispersed nanowire has a different geometry than the regular
Raman spectroscopy on the as-grown samples since the nanowires is laying flat
on the substrate. In addition, it cannot trivially be assumed that the plasmonic
interaction follows the same selection rules as the regular Raman scattering.

To reduce the influence of the geometry and to make the intensities more compa-
rable all mode intensities have been normalized by the Ehigh

2 mode, which is still the
dominating peak in all spectra and allowed in all back-scattering geometries. The
change in intensity has then been normalized as well by the value of each individual
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Fig. 4.24.: Tip-enhanced Raman spectroscopy (TERS) of a single nanowire

mode for the spectrum furthest away from the tip (point D) and displayed in the
inset.

The E1(TO) and E1(LO) show an opposite trend towards the tip. This could be
related to a change in the geometry or by the underlying Sb-related local mode at
576 cm−1. The also not exclusively Sb-related local vibrational mode at 275 cm−1

remains almost constant in the linescan with a variation of less than 20 %. The
exclusively Sb-related mode at 685 cm−1 follows this trend as well but increases
drastically by almost 60 % at the last point at the tip. This sudden increase at the tip
supports the assessment of a higher Sb incorporation at the tip.

4.6 Conclusion
The investigated MOVPE-grown ZnO nanowires had an average diameter of 200 nm
to 600 nm and an average length of 1 µm and 3 µm with a characteristic cone shape
tip revealed by secondary electron microscopy (SEM). In low temperature photolu-
minescence (PL) spectroscopy the near-band edge predominates the emission with
the neutral donor-bound exciton I8 (Ga) and a new transition ISb at 3.364(2) eV.
Temperature-dependent PL measurements show a comparable behavior of ISb to I8

with an almost constant localization energy (Eloc) of 12 meV and activation energy
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(Eact) of 13.2 meV. This thermalization behavior suggests that ISb is not an excited
state such as an exciton bound to an ionized donor/acceptor (D+X/A+X) or a
rotational/vibrational state of a different impurity but rather a bound exciton in
a ground state such a neutral donor/acceptor bound exciton (D0X/A0X). The
similarity to I8 continues also for the PL measurements under the influence of an
external magnetic field. The determined g-factor for ge, g‖h, and g⊥h for ISbwith 1.93,
−1.25, and 0.11 respectively are consistent with the values of other D0X and imply
that the involved exciton is an A-exciton with Γ7-symmetry for its electron and hole.
The equivalent thermalization behavior at 5 T of the inner and outer Zeeman pair in
the Voigt configuration confirms the assessment that ISb is a neutral donor-bound
exciton (D0X) and not a neutral acceptor-bound exciton (A0X).

In µ-PL the spectrum of a single nanowire shows a similar spectrum as for an
ensemble of nanowires but a screening effect can be observed for higher excitation
powers. The mapped intensity for different nanowires showed an inhomogeneous
lateral distribution of the PL emission. To increase lateral resolution and to avoid
the excitation of peripheral nanowires cathodoluminescence (CL) and scanning
transmission electron microscopy CL (STEM-CL) have been performed on single
nanowires. The medium doped nanowire show an increased luminescence at the tip
of two magnitudes whereas the undoped nanowire show only a slight linear increase
towards the tip. Since both are comparable in shape and size a pure volume or
surface effect can be excluded.

The Raman spectrum shows additional modes which could be identified with local
vibrational modes caused by the doping. Besides local vibrational modes which occur
in a variety of different dopants such as N, Fe, Al, Ga, Li, and Sb, also two modes
at 533.4 cm−1 and 684.5 cm−1 are present which were reported exclusively for Sb
doped ZnO. A linescan of a single nanowire with tip-enhanced Raman spectroscopy
(TERS) show besides ZnO host modes and a non-exclusive local vibrational mode
at 275 cm−1 also one of the exclusively Sb local vibrational modes at 685 cm−1.
Normalized by the Ehigh

2 ZnO host mode the Sb mode shows a drastic increase of up
to 60 % at the tip compared to a location approximately 500 nm away from where
the other local vibrational mode at 275 cm−1 remains almost constant in intensity. A
higher incorporation of Sb at the tip is the most likely explanation for the increase of
PL and CL emission at the tip while in addition also the exclusively Sb-related local
vibrational mode increases.
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Antimony, carbon, and the
effect of hydrogen co-doping

5
The prior chapter focuses entirely on antimony (Sb) doped ZnO nanowires and on
the newly observed bound exciton state ISb to determine whether the Sb-related new
impurity state acts as a donor or acceptor and the spatial origin of the luminescence.
In the high resolution photoluminescence measurement, however, additional lines
appeared between the I8 and the ISb line labeled as Z-lines. Similar multiple lines
have been reported before in this region labeled as X-lines [70], although the exact
spectral position is different. Raman spectroscopy show the characteristic D and G
band at 1356 cm−1 and 1598 cm−1 respectively in the Sb-doped samples indicating
the additional incorporation of carbon into the sample. Carbon as unintentional
impurity could also be the cause for the appearance of the Z-lines. In addition, Choi
et al. [85] observed a reduction in photoluminescence (PL) intensity of C-doped
ZnO thin film grown by pulsed laser deposition (PLD) compared to undoped film
and concluded that carbon increases non-radiative recombination centers.
The first section of this chapter focus on Sb-doped ZnO nanowires which were co-
doped with hydrogen in an attempt to avoid or reduce the incorporation of carbon.
The second section shows the reversed scenario of intentionally carbon doped, as
well as carbon and hydrogen co-doped ZnO nanowires.

5.1 Antimony and hydrogen co-doped zinc oxide
nanowires
By doping with Sb a new transition occurred at 3.3642 eV which can be attributed to
a Sb-related neutral donor state (D0X) based on PL measurements with an external
magnetic field. Besides the incorporation of Sb also traces of carbon are present.
In PL up to four distinct peaks can be observed between the I8 line (Ga related)
and the new Sb-line. In Raman the characteristic D and G-band also indicate the
incorporation of carbon and have been attributed to Sp2 carbon clusters [86]. The
origin of the carbon which leads to the unintentional doping might be the Sb-source
trimethylantimony (TMSb - (CH3)3Sb) itself and could be a cause for a decreased
PL intensity. To prevent or reduce the incorporation of carbon during the growth

57



hydrogen was introduced into the growth chamber. In a first attempt with a low
flow rate of 20 sccm of hydrogen gas a substantial increase of the Sb-line intensity
could be archived making the Sb-line the dominant line within the PL spectrum [87].
In this case, no hydrogen related line could be observed. The following analyzed
sample had an even higher nominal hydrogen flow rate of 50 sccm.

5.1.1 Morphology
Figure 5.1 shows the morphology by SEM of the Sb and H co-doped nanowires with
a low and high flow rate of hydrogen gas. In the case of a low hydrogen flux the
shape is similar to the purely Sb-doped nanowires (figure 4.2 a)) with an increase
of the diameter towards the tip and an cone-shaped tip. For the case of the high
hydrogen flux (figure 4.2 b)) the characteristic nanowire form is heavily distorted
and shows an inhomogeneous size distribution. While tips are still visible the cone
shape changed to step or terrace-like structures.

a) b)

Fig. 5.1.: SEM image of Sb-doped ZnO nanowires co-doped with hydrogen and a a) low
hydrogen flux (20 sccm) and b) high hydrogen flux (50 sccm).

5.1.2 Optical properties
Although this heavy morphological distortion occurs the PL and reflectance spectra
show similar properties at the near-band edge (NBE) with narrow lines (see fig-
ure 5.2). As in the case of low hydrogen co-doping the ISb is now the dominant line
in the PL spectrum.

Besides the already identified lines both samples show traces of indium with a
D0X-transition (I9), gallium (I8) and it corresponding D+X-transition (I1), and
the D0X-transition (I7) with its D+X-transition (I0) of unknown chemical origin.
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Fig. 5.2.: High resolution photoluminescence and reflectance spectra focused on the NBE
emission of ensemble Sb-doped (black) and Sb and hydrogen co-doped (red)
nanowires at 5 K from 3.30 eV to 3.39 eV.

Again this is predominately due to a memory effect of the reactor of prior growths.
The more pronounced surface-bound-exciton (SX) of the co-doped sample could
be the result of a different surface property of the sample. In general, all analyzed
Sb-doped ZnO nanowires including the prior discussed in chapter 4 show a decrease
of the SX over time may be due to a surface passivation. A more pronounced SX
is hence an indicator for a younger sample or one with less passivation. There are
no Z-lines in the co-doped sample as described for a comparable sample with a
low hydrogen flux [87]. Instead, the I4-line at 3.3621 eV, which is attributed to
hydrogen [66, 88], appears energetically between the I8 and ISb-line.

If we consider the temperature dependent PL behavior (see figure 5.3) the carbon
related Z-lines observed in the purely Sb doped samples cannot be confused with the
I4-line in the co-doped sample. The identified Z-lines (see figure 4.6) usually quench
at temperatures at around 40 K whereas the I4-line is still visible at temperatures of
up to 100 K. The I4-line is an exciton bound to a hydrogen donor level where the
hydrogen occupies an oxygen place (HO) and is reported to be thermally unstable
and can be annealed out with temperatures above 500◦C.[89]. Another donor level
can be formed if hydrogen is bound on a bond-centered lattice (HBC) site and a
bound exciton transition can be seen in PL at 3.3601 eV [90]. No such line has been
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Fig. 5.3.: High resolution photoluminescence spectra focused on the NBE emission of
ensemble Sb and H-codoped nanowires (temperature series). Low (blue) to high
(red) temperatures between 4.6 K and 90.0 K. The inset represents the peak shift
in temperature fitted with a model by Viña [71].

observed in this sample although this expected peak would be in close proximity to
the I8-line.

5.1.3 Raman spectroscopy
In Raman spectroscopy no hydrogen related additional line which can be expected
at 742 cm− 1 [88] appeared (see figure 5.4). The reported characteristic vibrational
mode for HBC at 330 cm−1 if present might be covered by the Ehigh

2 − Elow
2 mix-

mode. To compare the Raman intensities of the D and G-band both spectra have
been normalized to the Ehigh

2 -mode and a common baseline. Even though also
the Sb and hydrogen co-doped nanowires indicate a D and G-band and hence still
incorporate amounts of carbon the quantity is considerably lower (please note the
logarithmic intensity scale) if considering the reduction of the D and G-band.
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Fig. 5.4.: Comparison of the Raman spectrum of Sb doped (black) and Sb and H co-doped
ZnO (red) nanowires.

5.1.4 Conclusion
In conclusion, the co-doping with hydrogen gas during the growth of Sb-doped
ZnO nanowires enhanced the PL intensity of the Sb-Line for low and high hydrogen
flux rates. The morphology however changed drastically for the high hydrogen
flux. In PL a distinct I4-line appears for high hydrogen flux rates which is evidence
for the incorporation of hydrogen (HO). The prior observed Z-lines are missing.
Although the PL lacks evidence of carbon-related transitions in the Raman spectrum
the distinct D and G bands are still present although considerably lower than in
the sample without hydrogen co-doping. It is most likely that the co-doping with
hydrogen removes not entirely the incorporation but a specific form of a carbon
complex which reduces the spectral performance of the Sb-doping and reduces the
concentration of non-radiative recombination. In addition, also a more pronounced
surface-bound-exciton could be observed.

5.2 Carbon doped and hydrogen co-doped nanowires
In the above discussed samples grown by metalorganic vapor-phase epitaxy (MOVPE)
carbon impurities in the resulting ZnO crystal are usually unavoidable since carbon is
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always present in the used metalorganic precursors such as the Zn source dimethylz-
inc (DMZn - (CH3)2Zn) or the precursor for the dopants such as trimethylantimony
(TMSb - (CH3)3Sb) for the Sb doping and hence carbon is always present in the
reactor. As a group IV element carbon can act as a double donor for n-type con-
ductivity [85, 91], double acceptor for p-type conductivity, as a complex with other
dopants or form clusters (i.e. carbon-oxygen-cluster [92]). Especially in the attempt
to form p-type ZnO doped with nitrogen the formation of carbon related complexes
can yield a compensation [93, 94, 95] due to their lower formation energy [96].
To identify the carbon related properties, intentional carbon doped ZnO nanowires
were grown in MOVPE with a dilute mixture of carbon tetrachloride (CCl4) gas in ni-
trogen (1000 ppm) as carbon source and carbon co-doped with hydrogen nanowires
by adding a small amount of hydrogen gas. The hydrogen gas flow was changed
to analyze the effect of a co-doped sample with a high (50 sccm) and low (2 sccm)
flow rate of hydrogen.

5.2.1 Morphology
In Figure 5.5 the morphology of a) undoped, b) carbon doped, and c) carbon and
hydrogen co-doped ZnO nanowires are shown.

Fig. 5.5.: Secondary-electron microscope (SEM) image of ZnO nanowires a) undoped, b)
carbon doped, and c) carbon hydrogen co-doped. [97]

The nanowires have a length of approximately 2 − 3 µm and a diameter of
approximately 200 nm. The tips have a hexagonal flat shape in contrast to the cone-
shaped Sb-doped nanowires (see figure 4.2) and the nanowires are aligned along
the c-axis. The nanowires which were co-doped with hydrogen have an increased
diameter. Some nanowires coalescent with their neighbors due to an increased
growth rate along the side facets {1̄100} and {011̄0} compared to the c-axis [0001]
since the nanowires coalescent along with their whole length and not only at the tip
which could be caused by electrostatic interactions [98].
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5.2.2 Optical properties
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Fig. 5.6.: High resolution photoluminescence and reflectance spectra of ensemble C-doped
(blue), C+H co-doped nanowires with low (black) and high (red) hydrogen
concentration. The inset shows a close-up of the Z-lines fitted with four Gaussian
peaks.

Figure 5.6 shows the photoluminescence spectra of the near-band-edge (NBE) of
C-doped and C and H co-doped ZnO nanowires with different H flow rates during
the growth at 5 K. Besides the already identified peaks of Y0, I9 (indium), I7,
I4 (hydrogen), I0 (I+

7 ) (unknown chemical origin), surface bound exciton (SX),
and free A-exciton (FXA) four additional lines appear in the all C-doped samples
between the I7 and I4-lines, here denoted as Z1−4. A close-up for this region is
shown in the inset with four Gaussian fits to determine the spectral positions, where
Z1−4 is at 3.3606 eV, 3.3611 eV, 3.3615 eV, and 3.3618 eV respectively. In addition,
a broader peak appears at 3.373 − 3.374 eV for all three samples and scales with
the Z1−4 lines and is hence likely the corresponding ionized bound states, labeled
as Z+

1−4. The H co-doped samples show an overall higher intensity not only for
the Z-lines but also for the other lines compared to the only C-doped sample. The
differences between the low and high H co-doped sample are minor but it should be
noted that I7 and I+

7 is more pronounced in the low H co-doped sample.
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5.2.3 Excited states
In photoluminescence excitation spectroscopy (PLE) individual excitation channels
for distinct lines can be analyzed. In the following, the C and H co-doped sample
with a high H flux has been analyzed. In figure 5.7 all photoluminescence spectra
with different excitation power are stacked vertically and plotted as a contour plot.
The PLE spectra are therefore lined up horizontally.
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Fig. 5.7.: Photoluminescence excitation (PLE) of C and H (high flux rate) co-doped ZnO
nanowires. The contour plot shows all PL spectra with varying excitation energy.

In the higher energy region above the SX, especially in the ionized donor (D+X)
region no individual transition can be identified. This is likely due to the nature
of the pulsed excitation laser and hence the in general higher excitation energy.
This high excitation results in more free charges carrier and a screening effect, as
discussed in chapter 4.3.3. The individual PLE spectra for the labeled lines are
shown in figure 5.8.

In the PLE spectra, distinct excitation channels can be identified and are labeled
with integers. In addition, all considered lines have a distinct enhanced intensity
when excited via the free A-exciton. The absolute and relative energetic positions of
these excitation channels are summarized in table 5.1.
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Fig. 5.8.: Photoluminescence excitation (PLE) profiles of C and H (high flux rate) co-doped
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Tab. 5.1.: Absolute and relative Positions of the peaks found in the PLE spectrum of C and
H (high flux rate) co-doped nanowires

0 1 2 3 4 5 6

I9
Pos. (eV) 3.3567 3.3586 3.3611 3.3625 3.3656 3.3669 3.3712
∆ (meV) 1.9 4.4 5.8 8.9 10.2

I7
Pos. (eV) 3.3601 3.3613 3.3646
∆ (meV) 1.2 4.5

Z1
Pos. (eV) 3.3608 3.3621 3.3651 3.3662 3.3721
∆ (meV) 1.3 4.3 5.4 11.3

Z2
Pos. (eV) 3.3613 3.3625 3.3655 3.3669 3.3728 3.3749
∆ (meV) 1.2 4.2 5.6 11.5 13.6

Z3
Pos. (eV) 3.3617 3.3630 3.3660 3.3674 3.3731 3.3753
∆ (meV) 1.3 4.3 5.7 11.4 13.6

Z4
Pos. (eV) 3.3619 3.3633 3.3662 3.3675 3.3734
∆ (meV) 1.4 4.3 5.6 11.5

I4
Pos. (eV) 3.3632 3.3657 3.3672
∆ (meV) 2.5 4.0

All lines show a higher intensity when excited approximately 4.5 meV above the
ground state. These exciton transitions involve a hole from the B-valence band
rather than from the A-valence band [80, 81]. The closest excitation channel 1 for
all lines with 1.3 meV above the ground states matches the longitudinal-transverse
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splitting of the A-exciton. Unfortunately, no higher intensity could be measured
at the spectral position of Z+

1−4 which could be used to identify the corresponding
ionized donor bound transition for each Z-line. For comparison, there is also no
higher intensity for I9 at the nominal excitation energy of its ionized donor bound
transition (D+X) at 3.3676 meV. Again this is likely due to the high screening effect
of the laser which prevents a clear identification.

5.2.4 Magneto-optical properties
Similar to chapter 4.3.1 about the Sb-doped ZnO nanowires photoluminescence
measurements with an additional external magnetic field can further reveal the
nature of the underlying transitions of the Z-lines utilizing the Zeeman effect. In
the following the C and H co-doped sample with the low H flux rate is analyzed.
The method of the magneto-optical measurement is explained in chapter 3.2.3. The
sample was mounted in a bath cryostat with a superconducting split coil and a
magnetic field with a strength up to 5 T was applied in the two main geometric
configuration Voigt (B⊥c) and Faraday (B ‖ c). In addition, it was turned with an
arbitrary angle between these two configurations at 5 T. Figure 5.9 shows single
spectra for the two configurations and increasing magnetic field strength as well
as the angle-dependent spectra in the range from the neutral donor bound region
(D0X) with the I9 line to the ionized donor bound region (D+X) and the free
A-exciton.

The splitting for the D0X transitions (e.g. I9) is smaller in the Faraday than in
the Voigt configuration. To show the polarization dependency of the lines in the
Faraday configuration the red (black) dotted line at 5 T shows the σ− (σ+) circular
polarization of the lower (higher) component of the split lines. In the energetically
higher D+X region no splitting is visible but the rise of an additional prior forbidden
component. In direct comparison between the D0X and D+X-region especially in
the Voigt configuration the Z-lines split with the increase of magnetic field strength
indicating a D0X behavior. For higher magnetic fields the individual split peaks
merge with their neighbors. The angle-dependent measurement start in the Faraday
configuration (θ = 0◦) at 5 T and then rotate the sample to change the angle be-
tween B and c. Due to the 4-fold splitting in the mixed geometry where also E ‖ c
components become allowed the number of peaks increases even further. Since the
magnetic field has been changed continuously figure 5.10 shows the trend of the
Z-lines for each geometry in a contour plot as well as for the I7.
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Solid (dotted) lines represent the splitting of the inner (outer) branches based
on the g-factors determined for Z3 for all Z-lines.

In the contour plot, the crossing of the individual lines in the Voigt configuration
is clearly traceable. To determine the electron and hole g-factor the angle-dependent
measurement is important since all g-factors contribute. Due to the close proximity
of the lines only the 4-fold splitting for the most intense line Z3 could be traced
and fitted with Lorentzians. Based on these values the g-factor are determined with
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equation 3.7 as fit. The resulting fitting function was then added to the contour
plot of each geometry with solid (dashed) line for the inner (outer) branches of the
4-fold Zeeman splitting. As a reference, the same values have been used for the other
observed lines Z1,2 to plot the Zeeman function into the contour plot. Although the
g-factors have not been determined individually for each of the Z-line the Zeeman
branches of the fit lie within the region of higher intensity which suggests that only
minor deviation should be expected. For comparison, the 4-fold split of the I7 was
analyzed as well and fitted. The resulting g-factors are summarized in table 5.2.

Tab. 5.2.: Electron and hole g-factors for Z3 and I7.

Line ge g
‖
h g⊥h Ref.

Z3 1.95± 0.03 −1.25± 0.05 0.16± 0.13 this work
Xi 1.95 −1.57 0.13 [17, 78]
I7 1.99± 0.03 −1.27± 0.04 0 this work
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Fig. 5.11.: Thermalization of the Z-lines in the Voigt configuration at 5 T between 2 K and
40 K

The obtained values for the Z3-line are similar to prior determined values for
the Xi-lines, but with a higher value for the hole g-factor in parallel g‖. For I7 the
gained value for g⊥h in an initial fit was very small and hence set to 0.
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The thermalization behavior of the individual components of the Zeemann branches
in the Voigt configuration can reveal the nature of the impurity state whether it is an
exciton bound to an acceptor or donor. Figure 5.11 shows the thermalization of the
Z-lines in the Voigt configuration at 5 T between 2 K and 40 K. All observed peaks
shift with the increase of temperature due to the temperature change of the bands,
the intensity decreases and the width increases. Although not all buried components
of all Z-lines are individually resolved the overall behavior suggests a symmetric
quench of the components as visible for the I9. A final assessment is not possible
based on the retrieved data but it is likely that the Z-lines are transitions based on
an A-exciton bound to a neutral donor bound state.

5.2.5 Conclusion
The analyzed C-doped ZnO nanowires show a hexagonal shape with a flat top unlike
the prior analyzed Sb-doped ZnO nanowires. By adding H gas during the growth the
lateral growth dynamic increases and the nanowires start to coalescent. In photolu-
minescence the purely C-doped and the C and H co-doped ZnO nanowires individual
Z-lines were observed at 3.3606 eV, 3.3611 eV, 3.3615 eV, and 3.3618 eV, as well as a
broader peak in the region of the ionized donor bound excitons at 3.373− 3.374 eV,
labeled as Z+. The H co-doping increases the overall PL intensity of all lines already
for a low H flux (2 sccm). With an even higher H flux (50 sccm) the H-related I4

is visible in the PL spectrum. The I7 and I+
7 lines (unknown chemical origin) are

only visible in the sample with low H flux. The increase of the overall PL intensity
was also present in the Sb and H co-doped ZnO nanowires in chapter 5.1. Based on
these experiments it is evident that H gas even with a low flux during the growth for
these samples is beneficial and non-radiative recombination centers which reduce
the PL performance decreases. In the Sb-doped nanowires the C-related Z-lines
disappeared by co-doping with H but not for the C-doped samples. The exact origin
of the non-radiative recombination centers, whether they are related to a specific C
impurity or complex or not, as well as the mechanism how H reduces it contribution
remains unknown.

In PLE no enhanced intensity of the Z-lines could be detected by the Z+-peak, as
well as for I9 at the nominal I+

9 spectral position. This is due to a screening effect
of free charge carriers caused by the high excitation power of the pulsed laser. In
magneto-optical measurements, the Z-lines split into individual Zeeman branches
and show a behavior that can be excepted from a transition of an A-exciton bound
to a neutral impurity state while the corresponding Z+ peak shows no splitting and
therefore a behavior expected from a transition of an exciton bound to an ionized
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bound impurity. The close proximity of the Z-lines among themselves makes an
individual study of the individual lines difficult. However, the electron and hole
g-factors determined for Z3 are good approximations for the other observed lines.
The thermalization behavior indicates a symmetrical quench of the Zeeman branches
suggesting that the underlying impurity is a donor but since not all branches could
be observed individually this analysis is not final.
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Exciton-polaritons in MBE
grown ZnO

6
Exciton-polaritons are bosonic quasiparticles reflecting the strong coupling between
photons and excitons. The result is a unique dispersion relation which has been
described in chapter 2.3. The properties of exciton-polaritons have been studied
for a variety of different materials, such as CdS [99] CdSe [100], GaAs [101, 102],
CuCl [103, 104], ZnSe [105], and polymers [106]. Pekar [107], as well as Thomas
and Hopfield [108] formulated a polariton theory about the exciton-photon-system
already in the 1950s and 1960s. Today, the study of exciton-polaritons is a wide
field in bulk, nanowires, quantum wells, and microcavities with many promising
applications. [109] Especially the formation of Bose-Einstein-condensation [110]
leads to new types of the exciton-polariton laser without the necessity of population
inversion [111] and a much smaller laser threshold than in conventional laser [112].
Polariton lasers in GaN have already been reported for room temperature [113] and
with electrical injection [114], as well as in GaAs [115].

 ZnO (1080 nm) 

Mg20%Zn80%O (60 nm) 
ZnO Buffer (50 nm) 

m-plane ZnO substrate 

Fig. 6.1.: Structure of the
MBE sample to in-
vestigate exciton-
polaritons.

Exciton-polaritons in ZnO have been studied with
reflectance measurements [116, 117, 118, 21] and
with photoluminescence (PL) spectroscopy [119].
For the latter case, a c-plane sample was inves-
tigated in cross-section to be able to investigate
exciton-polaritons. In the so-called α-geometry
with the normal incidence of light to the c-plane
surface (k ‖ c) no exciton-polaritons can be ex-
pected. [21]

To be able to investigate exciton-polaritons in an
optical experiment with normal incident a non-polar m-plane ZnO sample was pro-
duced at the Centre de Recherche sur l’Hétéro-Epitaxie et ses Applications (CRHEA)
by Jean-Michel Chauveau using Molecular Beam Epitaxy (MBE). Figure 6.1 shows a
sketch of the sample structure. The undoped ZnO layer on top has a thickness of
1080 nm, which matches the proposed critical thickness of 1 µm [118, 21]. To obtain
a high crystalline quality with low defect densities the layer was homoepitaxially
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grown on ZnO substrate with a buffer layer of 50 nm ZnO and a following layer of
ZnMgO layer of 60 nm.

6.1 Exciton-polariton interferences
The sample was investigated in macro-PL with the setup described in chapter 3.2.
To be able to differentiate between the two possible polarizations σ (E⊥c) and π
(E ‖ c) a UV-grade analyzer was placed in front of the monochromator adjusted and
fixed to the preferred polarization direction of the subsequent gratings. The linear
components were then selected with a λ/2-plate in front of the analyzer. Figure 6.2
show the unpolarized PL spectrum (solid black) as well as the spectrum of the
individual components (solid red and blue), and a reference spectrum of the ZnO
substrate (dashed).
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Fig. 6.2.: Photoluminescence spectrum with different polarizations of the MBE sample and
the ZnO substrate as reference. The inset show the polarization dependency
(angle between E and c) at the position marked with an arrow.

In the unpolarized spectrum, the components of the free A-exciton is visible at
AT = 3.3759 and AL = 3.3779, as well as some peaks (i.e. I6a and I5) in the region
of excitons bound to a neutral donor (D0X). In addition, 16 additional waves
(counted from the low energy side) appear, showing a Fabry-Pérot interference
pattern. The pattern is σ-polarized and hence only visible for E⊥c. In the opposite
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π-polarization the pattern is heavily suppressed and a fine structure of the free
A-exciton is visible showing the Γ1 rather than the Γ5 component (see selection rules
in table 2.1). The polarization dependency for one of the oscillations (marked with
an arrow) is plotted in the inset as a function of the angle between E and c. In
contrast, the ZnO substrate shows no interference pattern.
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Fig. 6.3.: Temperature depended photoluminescence of the Fabry-Pérot interferences. a)
Contour plot with all measurements. Dotted lines represent a fit based on the
model by Viña. b) Single spectra for specific temperatures.

Figure 6.3 a) shows the temperature dependency of the PL spectrum between
5 K and 80 K as a contour plot. The free A-exciton has an expected red-shift
in temperature and the Fabry-Pérot interference pattern follows this trend. As a
reference, the shift was fitted by a model proposed by Viña et al. [71] with the
parameters α = (12.4± 0.5) meV/K and θ = (105± 2) K (dotted lines). The donor
bound excitons significantly begin to quench at temperatures of about 40 K while
the interference pattern is visible well above 100 K. In figure 6.3 b) spectra are
shown for individual temperatures. The free exciton becomes the dominant feature
at elevated temperatures and broadens significantly. The interference pattern is not
affected by a broadening. The visible number of oscillations reduces beginning from
the high energy side.

Since most of the exciton-polariton interference patterns which have been ob-
served in other materials have been analyzed by reflectance rather than PL mea-
surements, figure 6.4 compares both measurements. The interference pattern is
not only visible in PL but also in reflectance measurements again with a strong
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polarization dependency. Unlike in PL where the interference pattern is only clearly
visible energetically below the free A-exciton, in reflectance the pattern is extended
between the B and C-exciton and above, again with an increasing frequency of
oscillations closer to the exciton state. If compared to the reflectance spectrum also
in PL small peaks can be identified (dotted lines) which corresponds to minima of
the oscillations in the reflectance spectrum.
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Fig. 6.4.: Photoluminescence and reflectance measurement for different polarizations. The
inset show the polarization dependency (angle between E and c) at the position
marked with an arrow. The marked area is further analyzed in chapter 6.3.

The polarization depended measurements reveal that the oscillations in the prox-
imity of the C-exciton have the opposite polarization and are π-polarized were the
oscillations near the A and B-excitons are σ-polarized. The interference patterns
hence corresponds with the selection rules of the respective exciton state with the
highest oscillator strength (see table 2.1). The polarization dependency of the
intensity for different angles between E and c are plotted in the inset for the position
energetically below the A-exciton and C-exciton respectively (position marked with
an arrow).

The positions of the identified lines are summarized in table 6.1.
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Tab. 6.1.: Position of the of the identified lines based on photoluminescence and reflectance
measurements.

Line Position (eV) Reference

Y0 3.332(9) 3.3328 [68]
I6a 3.360(3) 3.3604 [66]
I5 3.361(5) 3.3614 [66]
AT 3.376(0) 3.3768 [120], 3.3759 [19]
AL 3.378(1) 3.3778 [19]
∆ALT (meV) 2.1 1.9 [19], 2.7 [121], 2.0 [122]
BT 3.384(5) 3.3834 [120], 3.816 [19]
BL 3.393(2) 3.3929 [19]
∆BLT (meV) 8.7 11.3 [19], 10.6 [121],10.2 [122]
CT 3.422(1) 3.4223 [120], 3.4209 [19]
CL 3.434(2) 3.4327 [19]
∆CLT (meV) 12.1 11.8 [19], 12.1 [121], 11.0 [122]

6.2 Crystal orientation and quality based on Raman
spectroscopy
The crystallographic orientation of the prior PL and reflectance measurements match
the selection rules for the free excitons in ZnO. To confirm the crystallographic
orientation, however, additional measurements are necessary. Raman spectroscopy
is ideal for this since also the Raman modes depend on the crystallographic orienta-
tion as described in chapter 3.3.3 and can in addition give insight into the crystal
quality. The measurements were done in the setup described in chapter 3.3.4. For
the polarization measurements with an arbitrary angle, a motorized λ/2-plate was
added into the beam path between the notch filter and the microscope objective.
In this configuration, the polarization of the excitation beam is rotated as well
as the detection signal resulting in a virtual turn of the crystallographic axis with
respect to the detection setup. The design of this setup was demonstrated by Kran-
ert et al. [123] for β-Ga2O3. The rotation of the sample would in principle result in
the same outcome but the focus position would vary if the focus would not exactly
match the rotation axis.

Figure 6.3 shows the Raman spectra for the backscattering geometry and the
four different polarizations labeled with their respective Porto notation, with x as
the normal to the m-plane, z collinear to the c-axis and, y perpendicular to both
resulting in collinearity to the a-plane. The polarization dependency for arbitrary
angles of selected Raman modes are shown in the insets.
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Fig. 6.5.: Polarized Raman spectra for different orientations labeled by the Porto notation.
The polarization dependency for arbitrary angles (angle between E and c) of
selected Raman modes are shown in the inset.

The Elow
2 mode at 99.(5) cm−1 has the lowest width of w = (0.82 ± 0.02) cm−1

(based on a Lorentzian fit) which is close to the resolution limit of the setup indicat-
ing good crystalline quality.

Both E2 modes show the same polarization dependence with a maximum for the
intensity in the case of E⊥c (x(y, y)x̄) and a minimum for E ‖ c (x(z, z)x̄) where
both modes vanish. The intensity follows an angle dependency of I ∝ sin4(θ) [57]
indicated by the red dashed line in the inset. The resulting dumbbell shape has its
maximum only at 90◦ and 270◦ while the other modes show a fourfold symmetry.

Both polarization behavior of the E2-modes are ideal to determine the two crys-
tallographic axis of the surface plane. The identification of the c-axis and the
perpendicular normal of the a-plane matches with the prior result of the PL and
reflectance measurements.
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6.3 Reflectance modeling
To model the reflectance spectra to obtain the dispersion curves of the exciton-
polaritons a model presented by Fryar et al. [124] has been used which is based on
a model by Thomas and Hopfield [125]. The model has been applied in a similar
way on ZnO [117] as well as CuCl [104].

The transverse solution of Maxwell’s equation for a single oscillator, i.e. a single
exciton transition, the dielectric response is [126]:

ε(ω, k) = k2c2

ω2 = ε∞ + 1
ε0

(
α0ω

2
0

ω2
0 + βk2 − ω2 − iωΓ

)
, (6.1)

where ω is the angular frequency of the incident radiation, k is the wavevector,
ε∞ is the static background dielectric constant, α0 the static exciton polarizability,
ω0 the exciton frequency, Γ is the damping parameter, and with β = h̄ω0

m∗ , where m∗

is the effective exciton mass.

The free A and B-exciton are energetically in close proximity in the spectrum,
while the C-exciton is further away and active for the perpendicular polarization
compared to the A and B-exciton. Hence for the modeling the two oscillators of the
A and B-exciton needs to be regarded for the oscillations below the A-exciton (see
marked area in figure 6.4). The condition for both excitons becomes [125, 127, 117,
104]

k2c2

ω2 = ε∞ + αA0
ε0

(
ω2

AT

ω2
AT + βAk2 − ω2 − iωΓA

)

+ αB0
ε0

(
ω2

BT

ω2
BT + βBk2 − ω2 − iωΓB

)
,

(6.2)

with
βA,B = h̄ωAT,BT

m∗A,B

. (6.3)

Equation 6.2 can be expressed as

Ak2 = ε∞ + B

C + βAk2 + D

E + βBk2 , (6.4)
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with the expressions for

A = c2

ω2 (6.5)

B = αA0
ε0

ω2
AT (6.6)

C = ε0B

αA0
− ω2 − iωΓA (6.7)

D = αB0
ε0

ω2
BT (6.8)

E = ε0D

αB0
− ω2 − iωΓB. (6.9)

This can rearranged and expressed as

(AβAβB)k6 + (ACβB +AEβA − ε∞βAβB)k4+

(ACE − ε∞CβB − ε∞EβA −BβB −DβA)k2 − (ε∞CE +BE +DC) = 0.
(6.10)

Since this expression is cubic in k2, there are six possible wavevectors k for each
frequency ω, which can be divided into two sets of three different solutions, positive
and negative, symmetric around k = 0. These three different solutions can be
grouped into three different branches, the upper (lower) polariton branch as well
as an intermediate branch between the A and B exciton. In the case of only one
real positive solution, especially in the low energy range, the other two become
imaginary (i.e. evanescent solutions).

There are two frequencies ω for which the value of the dielectric constant in
equation 6.2 becomes zero, corresponding to the longitudinal frequencies ωAL and
ωBL of the A and B exciton. The static polarizabilities in equation 6.2 can then
expressed with the longitudinal and transverse frequencies of the excitons with the
relations

αA0 = ε∞

(
ε0
ω2

AT

)(
ω2

BL − ω2
AT

)(ω2
AL − ω2

AT

ω2
BT − ω2

AT

)
(6.11)

and

αB0 = ε∞

(
ε0
ω2

BT

)(
ω2

AL − ω2
BT

)(ω2
BL − ω2

BT

ω2
AT − ω2

BT

)
. (6.12)

To be able to solve the equations for three independent modes additional boundary
conditions (ABC) are necessary. There are different conditions which can be applied
but the most commonly used is the so called Pekar’s ABC describing that the total
polarization of each exciton branch vanishes at the crystal interface or at a finite
distance from the interface. The boundary conditions are presented in the next
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section for two different models. Based on these conditions equation 6.2 is solved
for k at every frequency ω from that the refractive indices and polarizabilities are
determined. After solving the boundary condition the reflectance can be computed
and compared to the measured data. The computation of the fits was established in
Python [128]. The source code can be found in the appendix in chapter A.2.
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Fig. 6.6.: Sketches of reflectance models. For an infinite thick crystal only the reflectance
on the front surface contributes in model 1. In model 2 a second interface to
the substrate is considered. Ei are the electric field amplitudes and L the layer
thickness.

6.3.1 Model 1: Infinite crystal thickness
For the first simple model, only the reflection on the interface is taken into account
which would be the case of a crystal with infinite thickness. The incident and
reflected light with their electric field intensities, EI and ER respectively, as well
as the three possible exciton-polariton waves with their independent wavevector
k1−3 are considered. Figure 6.6 shows a sketch of this model. Applying Maxwell’s
boundary conditions two equations can be obtained [125, 127, 117, 104]

EI + ER = E1 + E2 + E3 (6.13)

n0EI − n0ER = n1E1 + n2E2 + n3E3, (6.14)

and based on Pekar’s ABC two additional equations

αA(k1, ω)E1 + αA(k2, ω)E2 + αA(k3, ω)E3 = 0 (6.15)

αB(k1, ω)E1 + αB(k2, ω)E2 + αB(k3, ω)E3 = 0. (6.16)
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The polarizability of the A and B-exciton is depended on the frequency ω and the
three wavevectors of the exciton-polariton modes k1−3

αA(k1−3, ω) = ε0(ε∞ − 1) αA0ω
2
AT

ω2
AT + βAk2

1−3 − ω2 − iωΓA
(6.17)

αB(k1−3, ω) = ε0(ε∞ − 1) αB0ω
2
BT

ω2
BT + βBk2

1−3 − ω2 − iωΓB
. (6.18)

The boundary conditions presented in equation 6.13-6.16 can also expressed with
the matrix equation


r

A

B

C

 =


−1 1 1 1
1 n1 n2 n3

0 αA1 αA2 αA3

0 αB1 αB2 αB3


−1

1
1
0
0

 , (6.19)

with the reflection coefficient r = ER/EI and the relative intensities A = E1/EI ,
B = E2/EI , and C = E3/EI . The refractive index n1−3 corresponds to each exciton-

polariton mode by ni =
√

k2
i c2

ω2 . By solving the matrix equation 6.19 for the reflection
coefficient r, the reflectance can be obtained by squaring the solution.

6.3.2 Model 2: Finite crystal thickness
For the second model the surface interface as well as the interface on the backside of
the ZnO layer with the thickness L is considered (see figure6.3. The three exciton-
polariton modes with their electric field intensities E1−3 have now three additional
modes E4−6 reflected on the backside of the ZnO layer. The transmitted part into
the substrate ET is modeled with a single mode. [125, 127, 117, 104]

EI + ER = ET (6.20)

EI + ER = E1 + E2 + E3 + E4 + E5 + E6 (6.21)

n0EI − n0ER = n1E1 + n2E2 + n3E3 − n1E4 − n2E5 − n3E6 (6.22)

The sets of additional boundary conditions for the air-Zno and ZnO-MgZnO
interfaces for the A and B-exciton are

α0A(k1, ω)(E1 + E4) + α0A(k2, ω)(E2 + E5) + α0A(k3, ω)(E3 + E6) = 0 (6.23)

α0B(k1, ω)(E1 + E4) + α0B(k2, ω)(E2 + E5) + α0B(k3, ω)(E3 + E6) = 0, (6.24)

80 Chapter 6 Exciton-polaritons in MBE grown ZnO



and

α0A(k1, ω)
(
E1 exp

(
i
n1ωL

c

)
+ E4 exp

(
−in1ωL

c

))
+

α0A(k2, ω)
(
E2 exp

(
i
n2ωL

c

)
+ E5 exp

(
−in2ωL

c

))
+

α0A(k3, ω)
(
E3 exp

(
i
n3ωL

c

)
+ E6 exp

(
−in3ωL

c

))
= 0 (6.25)

α0B(k1, ω)
(
E1 exp

(
i
n1ωL

c

)
+ E4 exp

(
−in1ωL

c

))
+

α0B(k2, ω)
(
E2 exp

(
i
n2ωL

c

)
+ E5 exp

(
−in2ωL

c

))
+

α0B(k3, ω)
(
E3 exp

(
i
n3ωL

c

)
+ E6 exp

(
−in3ωL

c

))
= 0 (6.26)

respectively. Again, all sets of equations can be expressed in matrix form



r

A

B

C

D

E

F

G


=



−1 1 1 1 1 1 1 0
1 n1 n2 n3 −n1 −n2 −n3 0
0 e1 e2 e3 e∗1 e∗2 e∗3 −1
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∗
1 −n2e

∗
2 −n3e

∗
3 −ns

0 αA1 αA2 αA3 αA1 αA2 αA3 0
0 αB1 αB2 αB3 αB1 αB2 αB3 0
0 αA1e1 αA2e2 αA3e3 αA1e

∗
1 e∗2αA2 e∗3αA3 0

0 αB1e1 αB2e2 αB3e3 αB1e
∗
1 e∗2αB2 e∗3αB3 0



−1

1
1
0
0
0
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0
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
,

(6.27)
with ei = exp

(
iniωL

c

)
and e∗i = exp

(
−iniωL

c

)
. As for the first model, the matrix

equation contains the relative field intensities as well as the reflective coefficient r
which results the reflectance when squared.

6.3.3 Results of the models
To fit the data initial values have been determined based on the PL and reflectance
measurement, in particular the energy of the longitudinal free A and B exciton,
ELA and ELB respectively, the LA-splitting of the excitons, ∆LTA, and ∆LTB as
well as the width, which correlates to the damping, ΓA, and ΓB. The background
dielectric function ε∞ can be derived from the refractive index of ZnO far removed
from the exciton-polariton oscillation with n = √ε∞. The thickness of the ZnO layer
L regarded in model 2 was also known from the growth.

Figure 6.7 a) shows a comparison of the obtained reflectance data for E⊥c (see
the marked area in figure 6.4) and the results of the two fit models.
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Fig. 6.7.: a) Comparison of the obtained reflectance data for E⊥c and the two different fit
models. b) Calculated exciton-polariton dispersion based in model 2. The inset
show the same dispersion curve but for a larger interval of k

The results of the first model do not show any of the oscillations since the ZnO
layer is treated with an infinite thickness. The model, however, fits the free A and
B-exciton region is accurate. Hence, the obtained parameters can be used as new
initial values for model 2. Due to the finite layer thickness L in model 2 the exciton-
polariton modes can progress in the layer until they reach the backside of the layer,
get reflected and are hence able to interfere to yield the Fabry-Pérot interference
pattern visible in the reflectance spectrum. Figure 6.7 b) show the individual values
of k1−3 for every energy E, i.e. the dispersion of the exciton-polaritons as a result of
model 2. The red almost vertical line represents the dispersion of light which acts
as an asymptote due to the non-crossing rule for the exciton-polariton dispersion
curve. The dispersion curve is in good agreement with the prior published data by
Wrzesinski and Fröhlich [120] based on two-photon and three-photon spectroscopy
on single ZnO crystals. The resulting fit parameters of model 2 are summarized in
table 6.2.

6.4 Conclusion
The investigated m-plane ZnO layer show narrow spectral lines in the PL spec-
trum in the expected region of donor-bound excitons and the region of the free
A-exciton. Due to the crystal orientation, a fine structure of the A-exciton is revealed
by polarization-dependent measurements, and distinct peaks can be seen for the
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Tab. 6.2.: Resulting Fit-Parameters for model 2

Parameter this work Reference
Bulk [117] PLD [117] [127] [121] [122]

Transverse A-exciton energy AT (eV) 3.3760 3.375 3.378 3.3758 3.3778 3.37538
Longitudinal A-exciton energy AT (eV) 3.3781 3.377 3.380 3.3776 3.3805 3.37735
LT-splitting A-exciton ∆ALT (meV) 2.1 2 2 1.8 2.7 2.0
Transverse B-exciton energy BT (eV) 3.3845 3.381 3.390 3.381 3.3834 3.3815
Longitudinal B-exciton energy AT (eV) 3.3932 3.393 3.394 3.3912 3.3940 3.3917
LT-splitting B-exciton ∆BLT (meV) 8.7 12 4 10.2 10.6 10.2
Transverse A-B exciton splitting ∆AT BT

(meV) 8.5 6 12 5.2 5.6 6.12
Damping A-exciton h̄ΓA (meV) 0.3 1 7 0.7 - -
Damping B-exciton h̄ΓB (meV) 0.1 1 14 0.7 - -

Γ1 transverse A-exciton in π-polarization and the Γ5 transverse A-exciton in the
opposite σ-polarization. In addition, a strong Fabry-Pérot interference pattern can be
observed in σ-polarization with an intensity even exceeding the narrow lines of the
donor-bound excitons. The interference pattern starts spectrally from the Γ5 trans-
verse A-exciton to lower energies exceeding the donor-bound exciton lines with an
increase of the width and distance of maxima of adjacent oscillations. Temperature-
dependent PL reveals the close connection of the Fabry-Pérot interference pattern
to the Γ5 transverse A-exciton by indicating the same spectral shift. The crystal’s
orientation of the sample is in agreement with the polarization-dependent modes
found in Raman spectroscopy and high crystalline quality can be assured based on
the narrow linewidth of the modes.

In reflectance measurements, a similar Fabry-Pérot interference pattern is present
energetically below the A-exciton but additionally also between the A and C-exciton,
as well as above the C-exciton. The greater expansion of the pattern in reflectance
compared to PL measurements can be explained by the origin of the light itself.
While in reflectance the light is polychromatic and stems from the external light
source with high intensity throughout the whole NBE-region, in PL the light for the
interference pattern is the background illumination of the sample generated by the
laser excitation. In the region energetically above the A-exciton, the luminescence
of the sample is several orders of magnitude lower than in the region below the
A-exciton, hence no interference pattern is visible.

The interference pattern in the reflectance spectrum in the proximity of the C-
exciton is of opposite polarization (π) as the pattern below the A-exciton (σ). Hence,
to model the reflectance spectrum below the A-exciton a two-oscillator (to consider
A and B exciton) exciton-polariton models with spatial dispersion based by Fryar et
al. [117] were used. The model with infinite layer thickness shows no interference
pattern as expected, due to the missing back-reflection of the back interface. The
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model, however, is already in good agreement with the reflection of the free A
and B-exciton. By introducing a back interface in the model with finite thickness a
Fabry-Pérot interference pattern becomes visible in the model. As a result of this sec-
ond model, an exciton-polariton dispersion with an upper, lower, and intermediate
polariton branch was calculated.

The damping of the A and B exciton is lower as in other samples presented in
the literature (see table 6.2) and is directly related to the crystal and optical quality.
Samples grown with a growth method that would commonly yield crystals with a
poorer quality such as grown by pulsed laser deposition show a significant larger ex-
citon damping. In conclusion, the m-plane crystal geometry as well an extraordinary
high optical quality due to a low defect and impurity density are responsible for the
appearance of the Fabry-Pérot interference pattern. In m-plane samples transverse
exciton-polaritons can be directly observed in a normal backscattering geometry. An
interference pattern can hence only be observed if the exciton-polariton modes can
propagate at least two passes through the film.
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A.2 Python code for the reflectance modeling
For the modeling of the reflection in chapter 6.3, the setup of the model function as
well as the fitting routine is necessary. The code used has been ported from MATLAB
code presented in Fryar et al. [124] into python code.

A.2.1 Definition of model 1 and 2
1 # Fit function ready for lmfit minimize
2 import numpy as np
3

4 def ref_modelling(data_x, model, LT_A, LT_B, width_A, width_B, m_star_A, m_star_B,
e_inf, L, e_AL, e_BL, n_sub, slope, const):↪→

5 "fit_model 1 and 2"
6

7 #parameters values
8 # data_x: data in eV
9 # LT_A: LT-splitting of A exciton in eV

10 # LT_A: LT-splitting of B exciton in eV
11 # width_A: width (damping) of A exciton in eV
12 # width_B: width (damping) of B exciton in eV
13 # m_star_A: effective mass exciton A (multiple of electron mass)
14 # m_star_B: effective mass exciton B (multiple of electron mass)
15 #e_inf: background dielectric constant
16 #L: layer thickness
17 #e_AL: energetic position of the long. A exciton in eV
18 #e_BL: energetic position of the long. B exciton in eV
19

20 #physical constants
21 c = 2.998e8 # in m/s, speed of light
22 e = 1.602e-19 # in C, elementary charge
23 h_bar = 6.63e-34/(2*np.pi) # in Js, reduced Planck constant
24 m_elec = 9.1e-31 # in kg, electron mass
25 e_vac = 8.85e-12 # in C/(Vm), epsilon_0; vacuum permittivity
26

27 #initial values
28 w_AL = e_AL*e/h_bar # omega_LA in 1/s, w_l_a
29 w_BL = e_BL*e/h_bar # omega_LB in 1/s, w_l_b
30 gam_A = width_A*e/h_bar # Gamma_A (damping) in 1/s
31 gam_B = width_B*e/h_bar # Gamma_B (damping) in 1/s
32 m_eff_A = m_star_A*m_elec # effective mass exciton A in kg
33 m_eff_B = m_star_B*m_elec # effective mass exciton B in kg
34

35 w_AT = w_AL-LT_A*e/h_bar # w_o_a in 1/s
36 w_BT = w_BL-LT_B*e/h_bar # w_o_b in 1/s
37

38 b_A = h_bar*w_AT/m_eff_A
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39 b_B = h_bar*w_BT/m_eff_B
40

41 #expressions
42 a_A0 =

e_inf*(e_vac/w_AT**2)*(w_BL**2-w_AT**2)*((w_AL**2-w_AT**2)/(w_BT**2-w_AT**2))↪→

43 a_B0 =
e_inf*(e_vac/w_BT**2)*(w_AL**2-w_BT**2)*((w_BL**2-w_BT**2)/(w_AT**2-w_BT**2))↪→

44

45 fit_y = np.zeros_like(data_x)
46 k1m = np.zeros_like(data_x)
47 k2m = np.zeros_like(data_x)
48 k3m = np.zeros_like(data_x)
49 k1r = np.zeros_like(data_x)
50 k2r = np.zeros_like(data_x)
51 k3r = np.zeros_like(data_x)
52 f21r = np.zeros_like(data_x)
53 k22r = np.zeros_like(data_x)
54 k23r = np.zeros_like(data_x)
55 dcoeff = np.zeros_like(data_x)
56

57 for count in range(data_x.size):
58 w = data_x[count]*e/h_bar # w in 1/s
59

60 A = (c**2)/(w**2)
61 B = a_A0/e_vac*(w_AT**2)
62 C = (w_AT**2)-(w**2)-(1j*w*gam_A)
63 D = a_B0/e_vac*(w_BT**2)
64 E = (w_BT**2)-(w**2)-(1j*w*gam_B)
65

66 coeff = [A*b_A*b_B,
67 A*C*b_B+A*E*b_A-(e_inf*b_A*b_B),
68 A*C*E-(e_inf*C*b_B)-(e_inf*E*b_A)-(B*b_B)-(D*b_A),
69 -(e_inf*C*E+B*E+D*C)]
70 term1 = ((w_AT**2)-(w**2)-(1j*w*gam_A)) #C
71 term2 = ((w_BT**2)-(w**2)-(1j*w*gam_B)) #E
72

73 k = np.sqrt(np.roots(coeff)) # p[0] * x**n + p[1] * x**(n-1) + ... +
p[n-1]*x + p[n]↪→

74

75 if k[0].imag>0:
76 k[0] = k[0]
77 else: k[0] = -k[0]
78

79 if k[1].imag>0:
80 k[1] = k[1]
81 else: k[1] = -k[1]
82

83 if k[2].imag>0:
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84 k[2] = k[2]
85 else: k[2] = -k[2]
86

87 k1m[count]=k[0].imag
88 k2m[count]=k[1].imag
89 k3m[count]=k[2].imag
90

91 k1r[count]=k[0].real #abs(k_1)
92 k2r[count]=k[1].real #abs(k_2)
93 k3r[count]=k[2].real #abs(k_3)
94

95 n_1 = k[0]*c/w # n_a
96 n_2 = k[1]*c/w # n_b
97 n_3 = k[2]*c/w # n_c
98

99 a_A1 = (a_A0*w_AT**2/e_vac)/(w_AT**2-w**2-1j*w*gam_A+b_A*w**2*n_1**2/c**2)
100 a_A2 = (a_A0*w_AT**2/e_vac)/(w_AT**2-w**2-1j*w*gam_A+b_A*w**2*n_2**2/c**2)
101 a_A3 = (a_A0*w_AT**2/e_vac)/(w_AT**2-w**2-1j*w*gam_A+b_A*w**2*n_3**2/c**2)
102

103 a_B1 = (a_B0*w_BT**2/e_vac)/(w_BT**2-w**2-1j*w*gam_B+b_B*w**2*n_1**2/c**2)
104 a_B2 = (a_B0*w_BT**2/e_vac)/(w_BT**2-w**2-1j*w*gam_B+b_B*w**2*n_2**2/c**2)
105 a_B3 = (a_B0*w_BT**2/e_vac)/(w_BT**2-w**2-1j*w*gam_B+b_B*w**2*n_3**2/c**2)
106

107 ###
108 # For Model 2 (L Layer)
109 e_1 = np.exp(1j*n_1*w*L/c) #d_a
110 e_2 = np.exp(1j*n_2*w*L/c) #d_b
111 e_3 = np.exp(1j*n_3*w*L/c) #d_c
112 es_1 = np.exp(-1j*n_1*w*L/c) #d_a_1
113 es_2 = np.exp(-1j*n_2*w*L/c) #d_b_2
114 es_3 = np.exp(-1j*n_3*w*L/c) #d_c_3
115

116 # Model 1 Air-ZnO-
117 #matrix 1 (4x4)
118 mat1 = np.matrix([[-1, 1, 1, 1],
119 [1, n_1, n_2, n_3],
120 [0, a_A1, a_A2, a_A3],
121 [0, a_B1, a_B2, a_B3]])
122 v1 = np.matrix('1;1;0;0')
123

124 # Model 2 Air-ZnO-MgZnO
125 #matrix 2 (8x8)
126 mat2 = np.matrix([[-1, 1, 1, 1, 1, 1, 1, 0],
127 [1, n_1, n_2, n_3, -n_1, -n_2, -n_3, 0],
128 [0, e_1, e_2, e_3, es_1, es_2, es_3, -1],
129 [0, n_1*e_1, n_2*e_2, n_3*e_3, -n_1*es_1, -n_2*es_2, -n_3*es_3,

-n_sub],↪→

130 [0, a_A1, a_A2, a_A3, a_A1, a_A2, a_A3, 0],
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131 [0, a_B1, a_B2, a_B3, a_B1, a_B2, a_B3, 0],
132 [0, a_A1*e_1, a_A2*e_2, a_A3*e_3, a_A1*es_1, a_A2*es_2,

a_A3*es_3, 0],↪→

133 [0, a_B1*e_1, a_B2*e_2, a_B3*e_3, a_B1*es_1, a_B2*es_2,
a_B3*es_3, 0]])↪→

134 v2 = np.matrix('1;1;0;0;0;0;0;0')
135

136 if model == 1:
137 invmat = np.linalg.inv(mat1)
138 v = invmat*v1
139 elif model == 2:
140 invmat = np.linalg.inv(mat2)
141 v = invmat*v2
142

143 r1 = v.item(0)
144 fit_y[count] = abs(r1)**2*slope+const #fit_y Reflectance
145

146 return fit_y, k1r, k2r, k3r, k1m, k2m, k3m;

A.2.2 Setup of the fitting routine
1 import numpy as np
2 import matplotlib.pyplot as plt
3 from lmfit import minimize, Parameters, fit_report
4 #install numdifftools package for errors
5

6 params = Parameters()
7 # add with tuples: (NAME, VALUE, VARY, MIN, MAX, EXPR, BRUTE_STEP)
8 params.add_many(('LT_A', initial_1, True, 0.0001, 0.0025, None, None),
9 ('LT_B', initial_2, True, 0.01, 0.020, None, None),

10 ('width_A', initial_3, True, 0, 1, None, None),
11 ('width_B', initial_4, True, 0, 1, None, None),
12 ('m_star_A', initial_5, True, 0, 1, None, None),
13 ('m_star_B', initial_6, True, 0, 1, None, None),
14 ('e_inf', initial_7, True, 3, 4, None, None),
15 ('L', 1.04e-06, False, 0, 1, None, None),
16 ('e_AL', initial_8, True, 3.37, 3.38, None, None),
17 ('e_BL', initial_9, True, 3.38, 3.40, None, None),
18 ('n_sub', initial_10, True, 1, 3, None, None),
19 ('slope', 1, True, -3, 3, None, None),
20 ('const', 0, True, -1, 1, None, None),
21 )
22

23 def iter_cb(params, iteration, resid, args, nan_policy='propagate',
method='nelder'):↪→

24 #call after iteration
25 chi = np.sum(resid**2)
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26 print('\r', 'Iteration: ', iteration, ' Chi: ', chi, end='')
27

28 #Select model
29 model = 1
30

31 def residual(pars, data_x, data_y, model, eps=None):
32 # unpack parameters: extract .value attribute for each parameter
33 parvals = pars.valuesdict()
34

35 if eps is None:
36 model_r = ref_modelling(data_x, model, **parvals)[0]
37 return model_r - data_y
38 return (ref_modelling(data_x, model, **parvals) - data_y) / eps;
39

40 fit_result = minimize(residual, params, args=(data_x, data_y, model),
nan_policy='propagate', method='nelder', iter_cb=iter_cb,
options={'maxiter':5000})

↪→

↪→

41

42 parvals = fit_result.params.valuesdict()
43 print(parvals)
44 result = parvals
45 print(fit_report(fit_result))

A.3 Additional Graphs
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Fig. A.2.: Secondary-electron microscope (SEM) of Sb-doped ZnO nanowires taken after
cathodoluminescence with scanning transmission electron microscopy (TEM-CL)
measurements indicating damages of the substrate surface.
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