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2.1 Energy diagram for inelastic (Raman) and elastic (Rayleigh) scattering.
While in the case of resonant Raman scattering an actual electronic tran-
sition is involved, the other Raman processes are described by the intro-
duction of virtual electronic states. The frequency difference between the
scattered light and the monochromatic excitation source isconventionally
called Raman shift. Therefore, a Raman shift of zero corresponds to elastic
Rayleigh scattering. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.2 Schematic Raman spectrum with a green (514.5 nm) laser as excitation
source. The intensity value is proportional to the numbers of detected pho-
tons of a certain frequency. Raman shift is the frequency difference be-
tween the inelastically scattered light and the monochromatic excitation.
As indicated, the elastic Rayleigh scattering (with about 99.9% intensity
share) is by far the dominant process. . . . . . . . . . . . . . . . . . . .. 27

2.3 Feynman diagrams of first order Stokes and anti-Stokes Raman scatter-
ing. The interaction between the incident light and the lattice is medi-
ated by the generation of an electron-hole pair. He−r is the Hamiltonian
of the electron-radiation interaction, He−p of the electron-phonon interac-
tion. Note that the displayed diagrams represent only one ofsix scattering
processes which contribute to one-phonon Stokes and anti-Stokes Raman
scattering, respectively [Yu 1999]. . . . . . . . . . . . . . . . . . . .. . . 29

2.4 Identification of a graphene flake on SiO2 substrate by Raman scattering:
Due to the special electronic properties of carbon layers with few monolay-
ers thickness, a double resonance allows Raman scattering todistinguish
graphene monolayer flakes from thicker graphite flakes by thepeak ratio
2D/G and the FWHM of the 2D peak [Ferrari 2006] in experiments of only
a few minutes duration. Note that also the signal of the underlying SiO2

substrate is stronger when the focus lies on the (thinner) graphene. . . . . . 31
2.5 Schematic experimental setup for Raman scattering experiments. Mono-

chromatic laser light is focused on a sample, the scattered light is collected,
and analyzed by a spectrometer and a detector, for example a CCD. . . . . 33

2.6 Setup for micro-Raman scattering experiments. Using a beam-splitter, the
exciting laser light is injected into an optical microscopeand focused on
the sample by an objective. The scattered light is collected, led to the
beam-splitter, and into the spectrometer. . . . . . . . . . . . . . .. . . . . 34

2.7 Raman system Renishaw 1000 with Leica Microscope DM LM. . . .. . . 35
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Chapter 1

Introduction

In the past years, the scientific interest in ZnO was renewed because improved process-
ing and better theoretical understanding raised hope for various new applications, for
instance in optoelectronics, spintronics, and nanotechnology [Jagadish 2006, Klingshirn
2007, Ozgur 2005]. ZnO is a II-VI semiconductor compound with a large, direct band gap
of 3.4 eV. Its large exciton binding energy of 60 meV makes it very attractive for use in
optoelectronic devices such as light-emitting diodes or laser diodes emitting in the blue
and ultraviolet spectral range. P-type doping of ZnO is a major issue, which is strongly
related to these optoelectronic applications. Among the potential impurities acting as ac-
ceptors, the group-V elements nitrogen, phosphorus, arsenic, and antimony are the most
promising [Look 2006]. The successful p-type doping of ZnO via nitrogen incorpora-
tion and the subsequent fabrication of blue ZnO-based lightemitting diodes was achieved
using temperature-modulated molecular beam epitaxy [Tsukazaki 2004]. Still, no straight-
forward procedure has been established yet for fabricatingreproducible and stable p-type
ZnO of high quality.
Theoretical calculations predicted p-type Zn1−xMnxO as well as n-type ZnO alloyed with
other transition metal ions as candidates for future spintronics applications with stable fer-
romagnetic configurations above room temperature [Dietl 2000, Sato 2001]. In addition,
a model was proposed for ferromagnetic coupling in n-type, magnetically diluted oxides
such as ZnO, SnO2, and TiO2 due to bound magnetic polarons [Coey 2005]. However, the
experimental situation regarding the magnetic propertiesof transition-metal-alloyed ZnO
is ambiguous and often even contradicting [Norton 2006].
Much of the future potential of ZnO lies in the field of nanotechnology with applications
as nanolasers, nanosensors, and nano field-effect-transistors [Wang 2004]. Because ZnO
has a strong tendency to self-organized growth, nanostructures of various different mor-
phologies like nanoparticles, nanowires, and nanobelts can be obtained by straightforward
fabrication.
The manipulation of ZnO material properties by the incorporation of impurities (e.g. dop-
ing, magnetic alloying) or by miniaturization (e.g. nanostructures) strongly affects the
crystal structure of ZnO and therewith its vibrational properties. To study the modified



22 Introduction

lattice dynamics, Raman spectroscopy is an excellent, non-invasive technique, which is
applied as major research method for this thesis. In most experiments, the elementary ex-
citations detected by Raman scattering are phonons. In that case, it delivers information on
structural properties such as chemical composition, orientation, or crystalline quality. Ad-
ditionally, electronic and magnetic properties can be addressed, e.g. by Raman resonance
effects and Raman scattering from magnons, respectively. The Raman scattering results of
this thesis are complemented by other experimental methods, e.g. X-ray diffraction, pho-
toluminescence, electron paramagnetic resonance, and transmission electron microscopy.

This thesis comprises two parts. Part I, ‘Basics’, starts with chapter 2, in which the fun-
damentals of the Raman scattering theory as well as the mainlyused Raman setups are
presented. The general material properties and important applications of ZnO are outlined
in chapter 3, with special focus on the lattice dynamics and Raman scattering characteris-
tics.
Part II of this thesis, ‘Results and discussion’, begins withchapter 4, which is devoted to
the study of pure ZnO by Raman spectroscopic means. An important question addressed
is to which extent the crystal quality of the samples is affected by different morphologies
or different growth processes. Bulk ZnO single crystals of high structural quality are char-
acterized, which are also used as host crystals for implanted ZnO systems. In addition,
disorder effects are analyzed on microcrystalline ZnO and Ar-irradiated ZnO single crys-
tals. Finally, ZnO nanoparticles of very small average diameter are investigated with regard
to their structural properties, organic ligands, and size effects.
In chapter 5, ZnO alloyed with transition metal elements is studied by Raman spectroscopy
and complementary methods. The corresponding samples werefabricated with varying
transition metal concentrations, using several differentgrowth methods such as molecu-
lar beam epitaxy, vapor phase transport, and ion implantation. A key question for such
diluted magnetic semiconductors is whether the material contains uniformly distributed
transition metal ions on the appropriate atom site or if secondary phases are responsible
for the observed magnetic properties. Therefore, the experiments analyze the influence of
several parameters on the structural quality of the samplesand on the tendency to form
precipitates of secondary phases. Among these parameters are the transition metal species
(vanadium, manganese, iron, cobalt, and nickel), the transition metal concentration (0.2
at.% - 32 at.%), and the annealing temperature (100◦C - 900◦C in air or vacuum).
The challenge of ZnO p-doping is addressed in chapter 6, which focuses on the impact of
nitrogen dopants on the ZnO lattice dynamics. In the literature, several additional modes
are reported for the Raman spectra of nitrogen-doped ZnO, e.g. [Wang 2001], but their
origin is still ambiguous and heavily contested. The main question is whether the ad-
ditional features are localized vibrations of substitutional nitrogen on oxygen sites or if
they correspond to disorder-induced Raman scattering. Using Raman spectroscopy and
complementary methods, the additional modes as well as the structural impact of nitrogen
incorporation on the ZnO crystal are studied for ZnO:N samples fabricated by ion implan-
tation as well as epitaxial growth.
Finally, the major results of this thesis are summarized in the chapters 7 and 8 in English
and German, respectively.
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Chapter 2

Raman spectroscopy

Raman spectroscopy is a commonly used optical and mostly non-invasive research method,
for example for chemical analysis or in solid state physics.Amongst others, it has been suc-
cessfully applied to investigate semiconductor systems [Cardona 2007], e.g. in heterostruc-
tures and at interfaces [Esser 1996, Geurts 1996]. Raman spectroscopy is based upon the
inelastic scattering of monochromatic light within the studied sample, accompanied by the
generation or annihilation of elementary excitations. In most experiments for this thesis,
the elementary excitations are vibrations, particularly lattice vibrations (phonons). Raman
spectroscopy then provides access to the lattice dynamics of a sample and therewith de-
livers information on structural properties like chemicalcomposition, orientation, or crys-
talline quality. In addition, electronic and magnetic properties can be addressed, e.g. by
Raman resonance effects and Raman scattering from magnons, respectively.
All this information is gathered by the analysis of the Raman signals with regard to their
frequency position, frequency width, recorded intensity,and line shape in the Raman spec-
tra. In a typical spectrum, the intensity is plotted versus the so-called Raman shift. The
former is proportional to the number of photons of a certain frequency reaching the de-
tector, whereas the Raman shift is given by the frequency difference between the scattered
light and the monochromatic excitation source. This shift corresponds to the energy of the
generated or annihilated elementary excitation. It is usually given in wavenumber̄ν = ν/c,
where [̄ν] = cm−1 (1 cm−1 ∼= 300 GHz∼= 0.124 meV). Conventionally, if the inelastic
light scattering generates an elementary excitation and the scattered light therefore ex-
hibits a lower frequency, the Raman shift is denoted positive(Stokes Raman scattering). In
the case of an annihilated elementary excitation, the wavenumber value becomes negative
(anti-Stokes Raman scattering). In experiments with T≤ room temperature, usually only
a few phonons are thermally excited and so the Stokes processis dominant. In Figure 2.1,
the inelastic Raman scattering processes (Stokes and anti-Stokes) and the elastic Rayleigh
scattering are illustrated in an energy diagram using the concept of virtual electronic states.
Also shown is the resonant Raman scattering process, in whichthe energy of the incident
light coincides with a natural electronic transition of thestudied system, causing the Raman
scattering probability to increase significantly (see subsection 2.1.2).
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Figure 2.1: Energy diagram for inelastic (Raman) and elastic (Rayleigh) scattering. While
in the case of resonant Raman scattering an actual electronic transition is involved, the
other Raman processes are described by the introduction of virtual electronic states. The
frequency difference between the scattered light and the monochromatic excitation source
is conventionally called Raman shift. Therefore, a Raman shift of zero corresponds to
elastic Rayleigh scattering.

Summing up, the x-axis value of a signal in a Raman spectrum corresponds to the
energy of the generated (or annihilated) elementary excitation and the y-axis value corre-
sponds to the detected intensity of scattered light with this energy (see Figure 2.2). In this
work, only the part of the spectrum with the Stokes Raman signals is shown (positive Ra-
man shift values). Additionally, the spectra are recorded with a small offset to the Rayleigh
scattering peak at 0 cm−1. With an intensity share of about 99.9%, the Rayleigh signal
could saturate the detector and swamp the much smaller Raman signals.
The following section 2.1 outlines the basic theory of Raman scattering. The experimental
setups used for the Raman measurements in this thesis as well as the micro- and macro-
Raman scattering techniques are treated in section 2.2. Application of Raman spectroscopy
in the characterization of semiconductor systems in general is presented in section 2.3,
while Raman scattering on ZnO is described in detail in chapter 3.

2.1 Raman scattering fundamentals

This section is devoted to the theory of Raman scattering, covering the basic principles
like interaction mechanisms for inelastic light scattering (2.1.1), resonance aspects (2.1.2),
and symmetry-imposed restrictions (2.1.3), based on the concepts presented in detailed
treatises on Raman scattering [Brüesch 1986, Cardona 2007, Esser 1996, Geurts 1996,
Hayes 1979, Richter 1976, Yu 1999].
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Figure 2.2: Schematic Raman spectrum with a green (514.5 nm) laser as excitation source.
The intensity value is proportional to the numbers of detected photons of a certain fre-
quency. Raman shift is the frequency difference between the inelastically scattered light
and the monochromatic excitation. As indicated, the elastic Rayleigh scattering (with about
99.9% intensity share) is by far the dominant process.

2.1.1 Principles of Raman scattering theory

Raman scattering as an inelastic scattering process is characterized by an energy transfer
between the incident photon of energy~ωi and the sample via the generation or annihi-
lation of elementary excitations, which are assumed to be phonons within this theoretical
treatment. The energy of the scattered photon is~ωs 6= ~ωi. Energy conservation demands
that the energy transfer equals the energy of the generated or annihilated elementary exci-
tation~Ωs:

Stokes process (phonon generation):

~ωi − ~ωs = ~Ωs. (2.1)

Anti-Stokes process (phonon annihilation):

~ωs − ~ωi = ~Ωs. (2.2)

Generally, the frequency of the incident light is much higher (about 100x) than the
frequency of the scattered excitation. Thus, the frequencies of the incident and the scattered
light differ only in the low percentage range:

ωi ≫ Ωs ⇒ ωi ≈ ωs. (2.3)
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The wave vectors of the incident light (~ki), of the scattered light (~ks), and of the ele-
mentary excitation (~qj) are correlated by the conservation of the quasi-momentum:

Stokes process (phonon generation):

~ki − ~ks = ~qj. (2.4)

Anti-Stokes process (phonon annihilation):

~ks − ~ki = ~qj. (2.5)

As a result of energy and quasi-momentum conservation, the elementary excitations
involved in Raman scattering are characterized by well-defined (Ω, q) pairs. In 180◦

backscattering geometry (as applied in all experiments forthis thesis), the wave vectors
can be simplified using the scalar form. For Stokes scattering and with c as the velocity of
light and n(ω) as the index of refraction, this leads to:

qj =
1

c
(n(ωi)ωi − n(ωs)ωs). (2.6)

Generally, the wavelengthλi of the incident (and alsoλs of the scattered) light is much
longer than the lattice constant a0 of the crystal. Therefore,ki andks, and due to equations
2.4 and 2.5 alsoqj, are much smaller than the wave vector of the Brillouin zone boundary
2π/a0. In first order phonon Raman scattering, the wave vector of thephonons is then given
by

qj ≈ 0. (2.7)

For one-phonon Raman scattering, this implies that the phonon wave vector lies within
the inner few percents of the Brillouin zone. In multi-phononscattering, only the sum of
the phonon wave vectors must be close to zero. Thus, phonons from outside the Brillouin
zone center can be involved. Examples for such multi-phononscattering in the case of
ZnO are described in section 3.1.2. Limitations of the conservation of quasi-momentum
and therefore of equation 2.7 can be caused by crystal imperfections (see subsection 2.1.3).

The interaction between the incident light and phonons in Raman scattering is not di-
rect, but mediated by electronic interband transitions. This can be illustrated by Feynman
diagrams of first order Stokes and anti-Stokes processes, see Figure 2.3. In the microscopic
picture, the interaction can be described by the following processes:

(a) Absorption of the incident photon~ωi with excitation of the initial electronic state
|0〉 into an intermediate electronic state (electron-hole pair) |n〉.
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Figure 2.3: Feynman diagrams of first order Stokes and anti-Stokes Ramanscattering.
The interaction between the incident light and the lattice ismediated by the generation of
an electron-hole pair. He−r is the Hamiltonian of the electron-radiation interaction,He−p

of the electron-phonon interaction. Note that the displayeddiagrams represent only one
of six scattering processes which contribute to one-phonon Stokes and anti-Stokes Raman
scattering, respectively [Yu 1999].

(b) Electron-phonon interaction: Scattering of the electron-hole pair into a new state|n′〉
with emission or absorption of a phonon~Ωj.
(c) Recombination of the electron-hole pair into the initialelectronic state|0〉 with emis-
sion of the scattered photon~ωs.

The initial electronic state|0〉 is also the final electronic state, hence, the electrons
remain unchanged by the Raman scattering process. Using third-order perturbation theory
[Yu 1999], the scattering probability corresponding to Figure 2.3 is approximated by:

Psc(ωi, ωs) =
2π

~

∣

∣

∣

∣

∣

∑

n,n′

〈0|He−r(ωs)|n
′〉 〈n′|He−p|n〉 〈n|He−r(ωi)|0〉

(~ωi − (En − E0))(~ωs − (En′ − E0))

∣

∣

∣

∣

∣

2

δ[~ωi −~ω0 −~ωs],

(2.8)

where He−r and He−p are Hamiltonians corresponding to the electron-radiationand the
electron-phonon interaction, respectively.|0〉 denotes the initial,|n〉 and|n′〉 intermediate
electronic states, with the corresponding energiesE0, En, andEn′. En andEn′ represent
virtual electronic energy levels, thus, no energy conservation is required for the electronic
transitions(~ωi − (En −E0)) and(~ωs − (En′ −E0)) in the denominator of equation 2.8.
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2.1.2 Resonant Raman scattering

Although the excited electronic states in general are virtual states, the scattering probabil-
ity in equation 2.8 diverges if actual electronic levels with energyEn or En′ exist. The
corresponding Raman signals show a strongly enhanced intensity if the number of such
electronic states is large (e.g. at critical points in the band structure). If it is the incident
light, which coincides with a natural electronic transition, the resonance is called incom-
ing resonance. Accordingly, outgoing resonance is achieved if the scattered light has the
appropriate energy.

Resonant Raman spectroscopy possesses several benefits, for example:

(i) By resonance enhancement, Raman spectroscopy of surfacesand interfaces can be pos-
sible with monolayer sensitivity [Cardona 2007, Esser 1996,Muck 2004, Wagner 2002].

(ii) For the study of diluted nanostructures, resonant Ramanspectroscopy can be com-
bined with micro-Raman spectroscopy (2.2.2), providing therequired detection sensitivity
and the ability to determine the lateral distribution of thenanosized structures.

(iii) Material selectivity in multilayered structures canbe achieved by selection of the ap-
propriate resonant excitation wavelengths.

(iv) The electronic properties of a sample are reflected by its resonance effect.

An example for these advantages is displayed in Figure 2.4: Bya combination of micro-
Raman scattering and resonant Raman spectroscopy, graphene monolayer flakes with an
area of a few square micron are identified and distinguished from graphite layers. These
experiments can be carried out in only a few minutes due to a double resonance caused
by the special electronic properties of such small carbon layers [Ferrari 2006]. Several
Raman resonance effects in ZnO based materials are discussedin the course of this thesis,
especially in section 4.1 and section 5.2.

2.1.3 Selection rules and Raman tensor

For one-phonon Raman scattering, the mediated radiation-phonon interaction is only pos-
sible for optical phonons restricted to the center of the Brillouin zone (subsection 2.1.1).
However, these are not the only restrictions for phonons in Raman scattering. Based on
group theory, Raman selection rules can be derived, which determine whether phonons are
Raman active, i.e. whether the corresponding Raman process has a non-zero scattering
intensity. In the classical picture, the Raman scattering intensity iR can be written as:
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Figure 2.4: Identification of a graphene flake on SiO2 substrate by Raman scattering:
Due to the special electronic properties of carbon layers with few monolayers thickness, a
double resonance allows Raman scattering to distinguish graphene monolayer flakes from
thicker graphite flakes by the peak ratio 2D/G and the FWHM of the 2D peak [Ferrari
2006] in experiments of only a few minutes duration. Note thatalso the signal of the
underlying SiO2 substrate is stronger when the focus lies on the (thinner) graphene.

iR ∝ |~Πi ℜ ~Πs|
2, (2.9)

with the polarizations~Πi and~Πs of the incident and scattered radiation, respectively,
and the so-called Raman tensorℜ [Yu 1999]. The latter describes the change of the sus-
ceptibility χ during a vibration with amplitude~A:
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ℜ = (∂χ/∂ ~A) ~A. (2.10)

From 2.10 it follows that a phonon mode is Raman active if it induces a change of the
Raman polarizability∂χ/∂ ~A. By contrast, a phonon mode is IR active (i.e. observable
via infrared absorption) if it induces a change in the dipolemoment [Br̈uesch 1986]. For
systems with inversion center, IR absorption and Raman scattering are complementary
methods, while for other systems there can be modes which areboth IR and Raman active.
Phonon modes which are neither Raman nor IR active are called silent modes. If one
neglects the (generally small) frequency difference between the incident and the scattered
light and if the system is non-magnetic,ℜ can be approximated by a symmetric tensor of
rank two:

ℜ =





ℜxx ℜxy ℜxz

ℜyx ℜyy ℜyz

ℜzx ℜzy ℜzz



 (2.11)

In the so called Porto notation [Damen 1966], the relevant information on the experi-
mental configuration, i.e. polarization and direction of incident and scattered light relative
to the sample orientation, is summarized by~ki(~Πi, ~Πs)~ks. In combination with the struc-
ture and symmetry of the studied crystal, these vectors determine which Raman scattering
processes are allowed in a given configuration.
If a crystal lattice has a center of inversion, each phonon mode can be classified as either
odd, i.e. 180◦ phase shift of the phonon mode after an inversion, or even, i.e. phonon mode
invariance against inversion. The coupling of the electronic states|n〉 and |n′〉 of equal
symmetry with phonon generation or annihilation as described in subsection 2.1.1, equa-
tion 2.8, is only possible for even phonon modes. Consequently, the electronic mediation of
the radiation-phonon interaction and therefore the Raman scattering process is not allowed
for odd modes. In the rock-salt crystal structure, for example, all optical phonon modes
show odd symmetry and therefore no one-phonon Raman scattering is allowed [Br̈uesch
1986], at least in perfect crystals. Crystal imperfections can lead to a softening of the Ra-
man selection rules due to reduced symmetry. Examples of theresulting effects on Raman
spectra can be found in subsection 2.3.2 and are discussed throughout the chapters 4, 5,
and 6. The Raman selection rules for zinc blende and especially for the wurtzite structure
of ZnO are presented in detail in subsection 3.1.2.
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Figure 2.5: Schematic experimental setup for Raman scattering experiments. Monochro-
matic laser light is focused on a sample, the scattered lightis collected, and analyzed by a
spectrometer and a detector, for example a CCD.

2.2 Raman techniques and experimental setups

In subsection 2.2.1, the general setup of Raman experiments is introduced. As most of
the Raman experiments presented in this work were conducted in micro-Raman scattering
configuration, the advantages and disadvantages of such experiments compared to conven-
tional macro-Raman scattering are discussed in subsection 2.2.2. The two setups mainly
used for this work are described in detail in subsection 2.2.3.
More technical and theoretical information on laser spectroscopy and Raman scattering
techniques can be found in [Demtröder 2002] and [McCreery 2000], respectively. Other
experimental methods used (e.g. XRD and EPR) are described in detail when the respective
results are discussed.

2.2.1 General setup of Raman experiments

The general setup for Raman scattering experiments is shown in Figure 2.5 and consists
of (i) a monochromatic light source for excitation, usuallya laser, (ii) optical equipment
to bring the laser beam on the sample and collect the scattered light, (iii) a spectrometer
to analyze the scattered light, and (iv) a detector to collect the signal. Complementary in-
formation on the sample may be derived if the exciting and analyzed light are manipulated
with optical filters, polarizers, etc.

Today, light sources in Raman scattering setups are usually realized by laser systems.
Gas lasers, solid-state lasers, dye lasers, and other laserdevices provide a quasi-continuous
variety of wavelengths from the IR to the UV as well as continuous wave (cw) power out-
puts fromµW to several W. In this work, mainly the standard lines of cw gas lasers (argon
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Figure 2.6: Setup for micro-Raman scattering experiments. Using a beam-splitter, the ex-
citing laser light is injected into an optical microscope and focused on the sample by an
objective. The scattered light is collected, led to the beam-splitter, and into the spectrome-
ter.

ion, krypton ion, and helium-neon) were applied from the redto the UV spectral range.
For magneto-Raman and low temperature Raman experiments, samples were placed in a
sample chamber within a liquid helium bath or a liquid heliumcontinuous flow cryostat.
The choice of the spectrometer setup can result in a trade-off between sensitivity and reso-
lution, as will be discussed in subsection 2.2.3. For the detection, multi-channel detectors
are essential and for this thesis CCD arrays were used.

2.2.2 Micro- and macro-Raman scattering

The main difference between micro-Raman experiments and conventional macro-Raman
is the insertion of an optical microscope in the experimental setup. Using a beam-splitter,
the laser beam is injected into the collection axis of the optical microscope and focused
on the sample using a microscope objective. This lens also collects the scattered light,
which is then led back through the microscope, to the beam-splitter, and finally into the
spectrometer. The corresponding setup is schematically shown in Figure 2.6.

The advantages of the micro-Raman technique include a lateral and to some extent also
a depth resolution of the Raman scattering signal. Thus, it ispossible to study the homo-
geneity of a sample surface and to discover small precipitates or other crystal defects in the
micron range (corresponding to the laser spot size on the sample). In addition, different
layers within a layered sample can be addressed using different focus depths, again in the
micron range (depending on the confocal character of the microscope setup). The use of
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Figure 2.7: Raman system Renishaw 1000 with Leica Microscope DM LM.

an optical microscope also gives an opportunity to detect and record inhomogeneities on
the sample surface optically. As a further advantage, microscope lenses achieve higher
collection efficiencies than a conventional macro-Raman apparatus.
However, this collection efficiency comes with the disadvantage of a less well-defined di-
rection of the collected light. Hence, the backscattering conditions are lifted to a substantial
degree. Another major disadvantage of micro-Raman comparedto macro-Raman setups is
the high power density in the laser spot because the size of the focused spot is usually in the
µm range compared to mm for macro-Raman. This high power leads to local heating in the
sample, which induces temperature effects, especially in low temperature measurements,
and can even damage samples. For the material systems analyzed in this thesis, local heat-
ing was mostly uncritical. In the case of some temperature sensitive samples, however,
the local heating effect was taken into account, especiallyin the case of wet-chemically
synthesized nanoparticles with organic ligands (section 4.2 and subsection 5.2.3).
Further theoretical and technical details concerning the micro-Raman scattering technique
are described in [McCreery 2000, Turrell 1996].

2.2.3 Setups: Dilor XY and Renishaw 1000

For part of the Raman measurements, the scattered light was analyzed by a triple monochro-
mator (Dilor XY) in multi-channel mode and detected by a liquid-nitrogen-cooled CCD ar-
ray. Besides its good spectral resolution (1 cm−1/pixel in low dispersion and 0.3 cm−1/pixel
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in high dispersion mode), the major advantage of this setup is its enormous versatility. Us-
ing an argon ion laser, not only its standard lines and multi-line UV output are provided,
but also dye lasers can be pumped to deliver continuously tunable laser lines throughout the
visible spectrum. Furthermore, the setup can be used in macro-Raman as well as micro-
Raman configuration, both including a liquid helium cryostat. The helium bath cryostat
(Oxford) of the macro-Raman configuration can also be utilized as magneto-cryostat deliv-
ering magnetic fields of up to 6 Tesla. The continuous-flow helium cryostat (CryoVac) of
the micro-Raman setup is equipped with a temperature controlsystem so that the sample
temperature can be tuned continuously between about 10 K androom temperature. This
setup includes an Olympus BHT microscope, equipped with several objectives (10x, 50x
ULWD, 80x ULWD, and 100x). In the experiments involving the Dilor setup, mostly the
standard lines (514.5 nm, 496.5 nm, 488.0 nm, 476.5 nm, 457.9nm) of the argon ion laser
were used as excitation source.
The other of the two mainly used setups is a Renishaw Raman system RM 1000 with a Lei-
ca DM LM microscope, which includes an integrated camera foroptical photography. For
this setup, excitation is limited to the 514.5 nm line of an argon ion laser and the 632.8 nm
line of a helium-neon laser. To focus the laser beam, a 50x objective is used. The scattered
light is analyzed by a single monochromator, equipped with adouble notch filter system,
and the signal is detected by a Peltier-cooled CCD array. Figure 2.7 shows this relatively
small-sized table-top Raman system. The major advantage of this Renishaw system is its
outstanding light throughput due to the use of only one monochromator. If its resolution
of about 4 cm−1/pixel is sufficient, this setup is capable of conducting Raman experiments
much faster. Due to its high sensitivity, also temperature sensitive samples (e.g. nanoparti-
cles with organic ligands) can be studied, because measurements at low laser powers (< 1
mW) still deliver good signal-to-noise ratios for most experiments.
The advantages and disadvantages of the Raman setups RenishawRM 1000 and Dilor XY
are summarized in Table 2.1. For fast experiments, lateral mapping, or for temperature
sensitive samples, the Renishaw setup proved ideal. For moresophisticated experiments
requiring high resolution, specific wavelengths, low temperature, or magnetic fields, the
Dilor XY setup was used. Because of different depth-of-field values, the intensity ratios in
the Raman spectra of layered samples taken with the two different setups can vary.

Renishaw RM 1000 Dilor XY
Resolution + +++
Sensitivity +++ +
Sample protection +++ +
Excitation line variety + +++
Magneto-Raman - +++
Low temperature - +++
Optical photography +++ +

Table 2.1: Comparison of the advantages and disadvantages of the two mainly used Raman
setups for this thesis. While the Dilor XY system is more versatile and has better spectral
resolution, the high sensitivity of the Renishaw system allows fast experiments and high
sample protection due to low laser power density.
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2.3 Raman spectroscopy on semiconductors

Raman scattering is a widely used technique for the characterization of semiconductor sys-
tems, whereas in most of the experiments, the studied elementary excitations are phonons.
In the following subsections, the lattice dynamics of semiconductor crystals (2.3.1) and the
application of Raman spectroscopy for the characterizationof semiconductors (2.3.2) are
outlined.

2.3.1 Raman scattering by lattice vibrations

Following [Yu 1999], the Hamiltonian describing the nuclear motion in a solid state lattice
can be expressed as

Hion( ~R1, ..., ~Rn) =
∑

j

P 2
j

2Mj

+
∑

j,j′,j 6=j′

1

2

ZjZj′e
2

| ~Rj − ~Rj′|
−

∑

i,j

Zje
2

|~ri − ~Rj|
, (2.12)

where ~Rj is the position,~Pj the momentum,Zj the charge, andMj the mass of the
nucleus j. In this model, the nuclei and core electrons (position ~rj) are combined to ‘ions’,
which interact with the separated valence electrons. In theso-called Born-Oppenheimer
approximation, the valence electrons follow the much heavier ions adiabatically and the
‘ions’ only see a time-averaged electronic potential of thevalence electrons:

Hion =
∑

j

P 2
j

2Mj

+ Ee( ~R1, ..., ~Rn). (2.13)

Hion can be expanded as a function of the ion displacements, and the nuclei can be
treated as an ensemble of harmonic oscillators. Then, the change of the ion Hamiltonian of
equation 2.13 due to the displacement of ionk in unit cell l is given by:

H ′
~ukl

=
1

2
Mk(

d~ukl

dt
)2 +

1

2

∑

k′l′

~uklΦ(kl, k′l′)~uk′l′ . (2.14)

Φ(kl, k′l′) is a second rank tensor comprising the force constants of theion-ion inter-
action. In the quantum mechanical treatment, the vibrations in a crystal lattice are energet-
ically quantized, the corresponding elementary excitations are called phonons. They can
be described as plane waves:
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Figure 2.8: Phonon dispersion relation for wurtzite ZnO from [Serrano 2004]. The energy
(here: frequency) values of the wurtzite phonon modes are plotted versus their wavevec-
tor along high-symmetry directions of the crystal. Experimental data points by Raman
scattering [Serrano 2003] and inelastic neutron scattering [Hewat 1970, Thoma 1974]
are inserted as diamonds and circles, respectively. On the right hand, labeled (a), the
one-phonon density of states is shown.

~ukl(~q, ω) = ~uk0e
(~q ~Rl−ωt). (2.15)

The phonon is defined by its wave vector~q and its frequencyω. Equation 2.15 reflects
the translational symmetry: If two wave vectors are different by a whole-number multiple
of the reciprocal lattice vector~Rl, they are physically equivalent.

The lattice dynamics of a semiconductor are reflected in its phonon dispersion relation
(PDR), in which the energy of a lattice vibration is plotted versus its wave vector along
high-symmetry directions of the crystal. Due to the translational symmetry in equation
2.15, the PDR is conventionally displayed within the Brillouin zone. While the PDR along
high-symmetry directions of the crystal can be measured by inelastic neutron scattering for
the entire Brillouin zone, Raman scattering can only give experimental data on the optical
phonon energies at the center (see subsection 2.1.1). Several theoretical models to calculate
PDR curves are presented in [Yu 1999]. As an example, the PDR of wurtzite ZnO from
[Serrano 2004] is shown in Figure 2.8. More detailed information on the phonon modes
displayed in the ZnO PDR is given in subsection 3.1.2.
If the number of states in the PDR is integrated over energy, the result is called phonon den-
sity of states (PDOS), see the one-phonon DOS curve (a) in Figure 2.8, for example. As
discussed before, of all energy-wavenumber combinations given in the PDR, only optical
phonons at the center of the Brillouin zone can participate inone-phonon Raman scatter-
ing in perfect crystals (subsection 2.1.1). Thus, the Raman shifts observed in the Raman
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spectra of this thesis mostly correspond to the energy of theoptical phonons in the PRD
curves at q = 0. In multi-phonon Raman scattering, though, only

∑

i ~qi = 0 is required and
therefore also single phonons withq 6= 0 can participate in the overall process. Further-
more, if the crystal shows imperfections, a relaxation of the Raman selection rules can be
observed due to reduced symmetry. This becomes important for the application of Raman
spectroscopy in the characterization of semiconductor crystals, see subsection 2.3.2.

2.3.2 Raman analysis of semiconductor systems

A. Compound composition

Material identification of semiconductor crystals can be achieved by the analysis of Ra-
man signals corresponding to the energy of the Raman-active optical phonon modes at the
Brillouin zone center in the phonon dispersion relation (subsection 2.3.1). The PDR is well
known for all common elemental and binary compound semiconductors. The identification
becomes more difficult if the semiconductor crystal is composed of more than two differ-
ent elements, for example a ternary compound A1−xBxC. In such compounds, atoms of the
element B substitute atoms of the element A in the compound AC.The vibrational prop-
erties of such systems can be described by the modified random-element isodisplacement
model (MREI), see [Anastassakis 1991, Chang 1968, Peterson 1986]. If the concentration
of B on A sites is very low, the B atoms can be treated as isolated impurities (see paragraph
B). For higher concentrations, three different mode behaviors can account for the observed
vibrations of many ternary semiconductor compounds A1−xBxC (see also Figure 2.9):

One-mode behavior:
With increasing concentration x of the element B, the modes ofthe binary compound AC
show a continuous transition into the modes of the binary compound BC, and vice versa.
Example: Cd1−xZnxS

Two-mode behavior:
With increasing concentration x of the element B, the mode of the isolated impurity B in
AC shows a transition into the longitudinal optical (LO) andtransverse optical (TO) modes
of BC, and vice versa.
Example: Be1−xZnxSe

Mixed-mode behavior:
The modes show two-mode behavior and, additionally, a BC modecoincides with the
impurity mode of A in BC, or vice versa.
Example: Zn1−xMnxTe
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Figure 2.9: One-mode, two-mode, and mixed-mode behavior of ternary A1−xBxC semi-
conductor compounds.

The incorporation of a B atom into a binary compound AC can be regarded as a dis-
turbance of the perfect AC crystal lattice. Therefore, besides these mode shifts in mixed
crystals, also disorder effects can be expected as described in the next paragraph.

B. Crystal imperfections

Crystal defects can be classified as point defects, line defects, and complexes, depend-
ing on whether they involve single atoms, rows of atoms, or anensemble of atoms, respec-
tively. Typical point defects in a crystal are vacancies, interstitial atoms, and substitutional
atoms [Yu 1999]. While a vacancy is an intrinsic effect, interstitials and substitutions can
be extrinsic effects, i.e. caused by a foreign atom. Such impurities may be incorporated
on purpose to manipulate the magnetic properties (magneticalloying) or the electronic
properties (doping) of a semiconductor, for example ZnO alloyed with transition metal
ions (chapter 5) or doped with nitrogen (chapter 6). Besides the intended effect, such
impurities will also affect the crystal structure and the vibrational properties. To achieve
the intended electronic or magnetic properties, the foreign atoms have to be incorporated
substitutionally on the appropriate atom site and interstitials must be avoided. Such sub-
stitutional atoms may have their own vibrational signature. If a large amount of atoms is
substituted, the system can be described in terms of a ternary compound with one-, two-, or
mixed-mode behavior (subsection 2.3.2, A). In the case of low concentrations of B atoms
in A1−xBxC, they can be regarded as isolated impurities. Depending on (i) the masses of
atom B and the substituted atom A, (ii) the bond strength between the impurity and the
host crystal, and (iii) the vibrational properties of the AChost lattice, such an impurity can
show characteristic impurity modes.
Let ωB be the vibrational frequency of the impurity B substitutingA atoms in a binary AC
host crystal with optical modes betweenωopt,min andωopt,max and acoustic modes between
ωac,min andωac,max. Then, three types of impurity modes can be distinguished (see also
Figure 2.10):
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Figure 2.10: Depending on the relation between the masses of the substitutional atom
and the substituted host atom, impurity modes can occur as local modes above the optical
phonon branches, as gap modes between the acoustic and the optical branches, or as band
modes within the optical or acoustic wavenumber range.

Local modes:ωB > ωopt,max

Gap modes:ωac,max < ωB < ωopt,min

Band modes:ωopt,min < ωB∗ < ωopt,max or ωac,min < ωB∗ < ωac,max

Both local modes and gap modes are localized at the position ofthe impurity atom.
They can not couple to the vibrational spectra of the host lattice because no host vibrations
with nearby frequencies exist. In the case of local modes, the frequency of the impurity is
higher than the highest optical modes of the host, implying that the impurity is lighter than
the substituted host atom:mB < mA. For mB > mA, an independent impurity mode is
still possible ifωB lies in the gap between the acoustic and the optical branch (provided
such a gap exists!). FormB ≈ mA, the impurity vibration lies within the frequency range
of the optical or acoustic phonon branches of the host material and, therefore, the vibration
couples to the adjacent host lattice phonons. In contrast tolocal and gap modes, the result-
ing band modes are collective lattice vibrations without localized character (but induced
by a localized impurity). All these findings are relevant forthe harmonic crystal. In the
anharmonic crystal, additional impurity modes are possible [Sievers 1988].
If impurity modes fulfill the selection rules, Raman spectroscopy can give valuable infor-
mation as to the substitutional character of the incorporated impurities in semiconductors
[McCluskey 2000, Mayur 1996]. Vacancies, interstitials, and complexes have an effect on
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the vibrational properties of a crystal, too, whereas an accurate assignment is generally
more difficult. While interstitials and complexes may also have characteristic vibrational
signatures as in the case of substitutional impurity modes,all crystal defects reduce the
crystal symmetry and therefore cause a softening of the Ramanselection rules (subsec-
tion 2.1.3). The restriction to the Brillouin zone center (quasi-momentum conservation)
is relaxed and thus, also phonons near the Brillouin zone center with q 6= 0 can partici-
pate in the inelastic scattering process. Depending on the dispersion of the phonon around
q = 0, this will lead to peak broadening (often asymmetric) and peak shifting (towards
lower wavenumber) of the Raman signals. In the spatial correlation model described in
[Parayanthal 1984], the contribution of non-zero q-valuesto the Raman scattering intensity
decays exponentially upon increasing wave vector withe−qLc , where q is the wave vector
andLc the correlation length. To induce a pronounced peak shifting and broadening, the
crystal has to be strongly disturbed (Lc ≈ nm). Even for bulk crystals with higher quality,
however, crystal imperfections can still be observable: Phonon modes may occur in the
Raman spectra which are symmetry-forbidden in an ideal crystal.
A similar effect is the optical phonon confinement in small crystals [Englman 1966, Rup-
pin 1970]. For optically isotropic materials, the confinement of the optical phonons in
nanocrystals will lead to peak broadening and red shifting of the corresponding bulk phonon
modes in the Raman spectra, comparable to a disturbed crystalwith nm correlation length
[Richter 1981]. For anisotropic materials, confined opticalphonon modes different from
the bulk modes can be expected [Fonoberov 2004]. Raman experiments on ZnO nanocrys-
tals and the discussion of the observed peak shifting are presented in subsection 4.2.

C. Band structure properties

Besides structural information, also electronic properties can be derived from Raman
scattering. Equation 2.8 in subsection 2.1.1 describes theRaman scattering intensity in-
cluding the electron-phonon interactionHe−p. For optical phonons, two major electron-
lattice effects account for this interaction: Deformationpotential scattering (LO and TO
phonons) and the Fröhlich interaction (LO phonons in polar crystals) [Yu 1999].

Deformation potential:
The lattice deformation by phonons induces an additional time-modulated potential, i.e. the
optical phonons alter the electronic energies by changing the bond lengths and bond angles.

Fröhlich interaction:
In polar or partly ionic crystals, a LO phonon implicates a uniform atom displacement
within the unit cell. This relative displacement of opposite charges generates a macro-
scopic Coulomb potential. Its interaction with the electronic system is called Fröhlich
interaction.
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The character of these electron-phonon interactions can influence the Raman spectra.
For example, due to Fröhlich scattering, impurities in doped semiconductors canbe studied
via the LO phonon interaction with the charged impurities [Esser 1996]. The influence of
Fröhlich scattering on the Raman spectra of Mn-alloyed ZnO willbe discussed in section
5.2.
As equation 2.8 in subsection 2.1.1 involves the summation over many electronic states,
the deduction of electronic properties from Raman spectra can be arbitrarily complicated.
It can be simplified if one or few of these states are dominant,i.e. if Raman resonance oc-
curs. By varying the incident wavelength around the resonantenergy (e.g. in vicinity of a
band gap or of free or bound excitons), the change in the Raman efficiency reflects critical
points of the electronic band structure. More examples of electronic properties observable
by Raman scattering are discussed in [Esser 1996].

D. Magnetic Properties

Raman spectroscopy also provides access to the magnetic properties of diluted mag-
netic semiconductors (DMS), especially via spin-flip Raman spectroscopy [Petrou 1983,
Ramdas 1982]. Also, Raman scattering from magnons was observed in magnetic systems.
In the course of this work, no spin-flip Raman spectroscopy wasapplied, but scattering
from magnons was observed (section 5.3). Therefore, only the theory of the latter will be
shortly outlined.
Magnons are quantized excitations (spin waves) of a periodic spin system from its fully
aligned ground state. While in phonon Raman scattering the interaction between the radia-
tion and the lattice is mediated, a direct magnetic-dipole coupling was identified as possible
process for one-magnon Raman scattering [Bass 1960]. However, by comparison to exper-
imental data, another interaction was found to be the dominant process: electric-dipole
coupling via spin-orbit interaction [Elliott 1963]. This indirect coupling due to mixing
of spin and orbital motions fits to the experimentally observed intensities and symmetry
restrictions. In contrast to the mostly symmetric phonon scattering, it is purely antisym-
metric. The indirect electric-dipole coupling via spin-orbit interaction also gives rise to
higher-order scattering, but only with intensities that are orders of magnitudes smaller.
In two-magnon scattering of antiferromagnetic systems, yet another interaction is domi-
nant: excited-state exchange interaction between opposite sublattices of the antiferromag-
net [Fleury 1968], which can lead to an even stronger scattering intensity than the first-
order effect. Theoretical details and experimental examples on both one- and two-magnon
Raman scattering can be found in [Fleury 1968]. By observing magnons via Raman scat-
tering, important magnetic properties of a system can be revealed, e.g. the temperature-
dependent alignment of a spin system.
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Chapter 3

Zinc oxide: Material properties and
applications

The II-VI semiconductor compound ZnO has been studied for decades. Besides specific
physical properties (e.g. large direct band gap of 3.4 eV andhigh exciton binding energy
of 60 meV), some of the most obvious advantages of ZnO are its great availability, low cost
production, and low toxicity. With its band gap corresponding to UV light of 365 nm, ZnO
is transparent throughout the visible spectrum. Under normal conditions, it crystallizes in
the hexagonal wurtzite structure. In conventional industrial applications, ZnO is used in
large-scale manufacturing of cosmetics, plastics, or foodadditives, just to mention a few.
In the past years, the scientific interest in ZnO was renewed because improved processing
and better theoretical understanding raised hope for various new applications, for example
in optoelectronics, spintronics, and nanotechnology. Despite enormous scientific effort in
the recent years, important technical issues are yet to be solved, most prominently the p-
type doping of ZnO. In the following sections 3.1 and 3.2, important material properties of
ZnO as well as potential applications and processing issuesrelated to the studied samples
are described.
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Figure 3.1: ZnO with wurtzite crystal structure:(a) four atoms in the unit cell (two of each
atom sort),(b) tetrahedral coordination,(c) hexagonal symmetry and the lattice parame-
ters a and c,(d) top view of (c).

3.1 Material properties

Here, only the material properties are presented, which aremost important for this thesis.
For more information, see some of the recent comprehensive reviews on ZnO material
properties [Jagadish 2006, Klingshirn 2007, Ozgur 2005]. The crystal lattice and optical
properties of ZnO are reviewed in the subsections 3.1.1 and 3.1.3, respectively. Lattice
dynamics and Raman scattering on ZnO are discussed in detail in subsection 3.1.2.

3.1.1 Crystal structure and chemical binding

The chemical binding character of ZnO lies between covalentand ionic. Due to the large
ionicity of the bonds between Zn and O atoms (about 0.62 on thePhillips scale), the
two binding partners can be denoted as Zn2+ and O2− ions, respectively [Chelikowsky
1986, Phillips 1970]. In ambient conditions, the thermodynamically stable phase of ZnO
is the hexagonal wurtzite structure. Under stress or upon growth on cubic substrates, ZnO
can also exhibit rock-salt structure [Bates 1962, Serrano 2004] or zinc-blende structure
[Ashrafi 2000], respectively. However, all ZnO systems studied for this thesis crystallized
in wurtzite structure.
The wurtzite structure belongs to the space group P63mc. Figure 3.1 shows some of its
characteristics: (a) It has four atoms in the unit cell, two of each atom sort. (b) Each
atom is tetrahedrally coordinated, i.e. the four next neighbors are of the other atom sort
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and located at the edges of a tetrahedron. (c) The lattice hashexagonal symmetry and is
characterized by the lattice parameters a and c. The two atomtypes occupy one hexagonal-
close-packed sublattice each, displaced along the c-axis.The volume of the unit cell is
approximately 47.6̊A3. Consequently, ZnO has about 8.4 x1022 atoms/cm−3.
While the ideal wurtzite structure shows a c/a-ratio of 1.63 [Ozgur 2005], the lattice con-
stants of real wurtzite ZnO depend on impurities, external stress, temperature, etc. Pure,
ordered ZnO at ambient conditions has lattice constants of a= 0.325 nm and c = 0.521
nm with a c/a-ratio of about 1.60 [Reeber 1970]. The orientation of a wurtzite sample is
denoted by four-digit miller indices (h k i l), with h + k = -i. In this thesis, most samples
with well-defined crystal orientation are c-plane oriented, i.e. the surface is the hexago-
nal (0001) plane. Correspondingly, the directions parallelto the c-axis are denoted with
[0001], see also Figure 3.1.

3.1.2 Lattice vibrations and Raman scattering

In this section, the lattice dynamics of wurtzite ZnO are discussed with special focus on the
Raman-active optical phonon modes. The wurtzite-type lattice structure of ZnO implies a
basic unit of 4 atoms in the unit cell (2 Zn-O molecular units). Due to the number of n = 4
atoms in the unit cell, the number of phonons amounts to 3n = 12, with 3 acoustic modes
(1xLA, 2xTA) and 3n - 3 = 9 optical phonons (3xLO, 6xTO). At theΓ-Point of the Bril-
louin zone, the optical phonons have the irreducible representationΓopt = A1+2B1+E1+2E2

[Damen 1966], whereas the E modes are twofold degenerate. The B1 modes are silent, i.e.
IR and Raman inactive, and the E2 branches are Raman active only. The Raman- and IR-
active branches A1 and E1 are polar and therefore each splits into LO and TO modes with
different frequencies due to the macroscopic electric fields of the LO phonons.

The lattice dynamics of a crystal are reflected in its phonon dispersion relation (subsec-
tion 2.3.1). Figure 3.2 shows the phonon dispersion relation of wurtzite ZnO for selected
directions in the Brillouin zone [Serrano 2003]. The zone-center optical mode frequencies
lie between about 100 cm−1 (12.5 meV) and 600 cm−1 (75 meV). Obviously, in the highest
frequency range (550 cm−1 to 600 cm−1), a group of 3 modes occurs. Closely spaced lie
E1(LO), A1(LO), and B1(high). Similarly, the triple group E2(high), E1(TO), and A1(TO)
appears between 370 cm−1 and 440 cm−1. Finally, the single eigenfrequencies 100 cm−1

and 250 cm−1 belong to the E2(low) and the B1(low) mode, respectively.

For the understanding of the ZnO eigenmode assignment, it isinstructive to consider
how the phonon eigenmodes of the wurtzite ZnO lattice are related to those of cubic zinc-
blende crystals, e.g. ZnSe. In the zinc-blende structure, the cubic symmetry implies
the equivalence of the three perpendicular spatial directions. This results in a threefold-
degenerate optical phonon mode (F-symmetry). This triple optical phonon is frequency-
split into one LO and two TO modes, the frequency of the formerexceeding the TO values
due to the macroscopic electric field, which results from thebond polarity. Thus, the zinc-
blende phonon dispersion curve has two optical phonon frequencies in the Brillouin center,
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Figure 3.2: Phonon dispersion of wurtzite ZnO from [Serrano 2003]. The experimental
results were derived from Raman scattering (diamond symbolsin the BZ center, [Serrano
2003]) and from inelastic neutron scattering (circles, [Hewat 1970, Thoma 1974]). They
are well described by calculated results, represented by thesolid lines, which were obtained
by ab initio calculations. The zone center optical phonon modes A1, E1, and E2 (red) can
be observed by Raman scattering, while the B1 modes (green) are silent.

whose difference in frequency is a measure of the bond polarity.
In contrast, the c-axis in the hexagonal wurtzite structureis different from the pair of a- and
b-axes, which are symmetrically equivalent. For the optical phonon modes, this implies a
symmetry splitting of the above-mentioned triple-degenerate F mode into one mode with an
atomic displacement along c (A-symmetry) and a degenerate pair of modes, whose atomic
displacement is within the a,b-plane (E-symmetry). The latter are the E1 modes listed in
the representation ofΓopt. The frequency splitting reflects the bond strength anisotropy and
is independent of the bond polarity. The polarity induces anadditional splitting of the A1
into A1(LO) and A1(TO) as well as of the E1 modes into E1(LO) and E1(TO). As shown in
Figure 3.2, the LO-TO frequency splitting for ZnO of about 200 cm−1 exceeds by far the
value of the mode splitting between A1 and E1 (< 30 cm−1). This is due to the pronounced
bond polarity (subsection 3.1.1), which distinctly exceeds the bond strength anisotropy. A
further consequence of this strong LO-TO splitting and the rather small frequency differ-
ence between the A1 and the E1 modes is that mode mixing can only occur between A1(TO)
and E1(TO) (quasi-TO mode) or between A1(LO) and E1(LO) (quasi-LO mode) [Bergman
1999]. Such mode mixing is possible in uniaxial crystals forpolar phonons with propaga-
tion neither parallel nor perpendicular to the c-axis [Loudon 1964]. The frequencies of the
mixed modes lie between the corresponding original modes.
The six additional modes ofΓopt, i.e. 2E2 (twofold degenerate) and 2B1, have no coun-
terpart in the zinc-blende Brillouin zone center. They may beregarded as a result of the
backfolding of the zinc-blende zone-edge modes (LA, TA (2x), LO, and TO (2x)) into the
zone center, when turning from zinc blende to wurtzite. Thisbackfolding directly results
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Figure 3.3: Schematic illustration of the backfolding character of phonon modes in
the phonon dispersion relation of wurtzite with respect to thecorresponding zinc-blende
phonon modes. The doubling of the atomic basis in the real space from zinc blende to
wurtzite (4 instead of 2 atoms in the unit cell) corresponds toa bisection of the Brillouin
zone in the reciprocal space. For comparison, an excerpt from the ZnO phonon dispersion
relation in [Serrano 2003] is shown.

from the doubling of the atomic periodicity along the wurtzite c-axis with respect to the
direction in zinc blende (4 basis atoms instead of 2), corresponding to a bisection in the
reciprocal space. The backfolded optical modes are referred to as B1(high) and E2(high),
whereas the backfolded acoustic modes are called B1(low) and E2(low). The backfolding
of these modes appears strikingly clear in Figure 3.3 when following the corresponding
dispersion curves from the zone centerΓ to the zone edge A, i.e. along the c-direction of
the wurtzite lattice, and subsequently back to theΓ-point. All these modes are non-polar
and therefore exhibit no LO-TO frequency splitting.
In summary, the occurrence ofΓopt = A1+2B1+E1+2E2 with 9 optical modes in the wurtzite
lattice compared to 3 in zinc blende may be explained in termsof (i) an anisotropy-induced
splitting of the F-mode from the zinc-blendeΓ-point, leading to A1 and E1, and (ii) a back-
folding of the zinc-blende zone-edge modes, resulting in 2B1 and 2E2.
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Figure 3.4: Optical phonon modes of wurtzite ZnO. The atomic displacements are labeled
for the four atoms of the unit cell shown in Figure 3.1. The length of the arrows corresponds
to the phonon eigenvector values derived for the respectiveatom sort by DFT calculations
in [Serrano 2004]. The polar phonon modes A1 and E1 split into LO and TO. The E modes
with displacements perpendicular to the c-axis are twofold degenerate.

Phonons in the wurtzite symmetry are fully characterized bythe motion of the four
basis atoms [Tsuboi 1964]. The corresponding atomic displacements within the unit cell
are shown in Figure 3.4. For the A and B modes, the displacements are directed along
the c-axis, and they are distinct in the following way: The A-mode pattern consists of an
oscillation of the rigid sublattices, Zn versus O. Due to thebond polarity, this results in an
oscillating polarization. For the B modes, in contrast, onesublattice is essentially at rest,
while in the other sublattice the neighboring atoms move in opposite directions. In the case
of the B1(low) mode, the heavier Zn sublattice is distorted, while the B1(high) involves the
lighter O sublattice. No net polarization is induced by the Bmodes. Thus, the A and B
modes may be classified as one polar and two non-polar modes. The same scheme applies
for the E modes with their atom displacement perpendicular to the c-axis. As stated before,
the E modes are twofold degenerate, because the two axes perpendicular to the c-axis are
energetically equivalent, even though linearly independent. The E1 mode is an oscillation
of rigid sublattices and consequently exhibits an oscillating polarization. In contrast, the E2

modes, E2(low) and E2(high), with essentially one rigid sublattice and the otherone oscil-
lating in itself, are non-polar. Thereby, the low-wavenumber E2(low) mode predominantly
involves the vibration of the heavy Zn sublattice, while thehigh-wavenumber E2(high)
mode is mainly associated with the vibration of the lighter Osublattice.
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As discussed in subsection 2.1.1, generally only optical modes at the center of the
Brillouin zone are candidates for Raman scattering. Additionally, the Raman selection
rules have to be fulfilled, i.e. phonon modes must have non-vanishing components in the
Raman tensor to be Raman active (subsection 2.1.3):

ℜ =





ℜxx ℜxy ℜxz

ℜyx ℜyy ℜyz

ℜzx ℜzy ℜzz



 . (3.1)

While the B1 modes are silent, the modes with A1-, E1-, and E2-symmetry are Raman
active with the following Raman tensors [Cusco 2007, Arguello1969]:

ℜ(E
(1)
2 ) =





d 0 0
0 −d 0
0 0 0



 ; ℜ(E
(2)
2 ) =





0 d 0
d 0 0
0 0 0



 ;

ℜ(E1(x)) =





0 0 c
0 0 0
c 0 0



 ; ℜ(E1(y)) =





0 0 0
0 0 c
0 c 0



 ;

ℜ(A1(z)) =





a 0 0
0 a 0
0 0 b



 , (3.2)

where a, b, c, d are material constants and the coordinates x,y, z in parentheses describe
the phonon polarization of the polar modes in a laboratory coordinate system (x,y,z) with
z-axis parallel to the c-axis of the wurtzite ZnO. Whether these modes are observable in
a particular experiment or not, depends on the scattering configuration as described in
the Porto notation~ki(~Πi, ~Πs)~ks (subsection 2.1.3). In this notation, 180◦ backscattering
with the incident light along the c-axis and the incident anddetected polarization parallel
is given byz(xx)z̄. Figure 3.5 displays which wurtzite ZnO phonons are observed by
Raman scattering in different configurations. In the adjoining table, the optical phonon
modes and their configuration requirements as well as Raman shifts are summarized. Note
that in the Raman spectra E2 modes are also observed in forbidden configurations due to
non-perfect crystal alignment or quality. Because of the strong occurrence of E2 modes
in standard backscattering experiments, they can be considered as a Raman fingerprint for
ZnO. Besides the principal optical phonons, a rather strong multi-phonon mode at about
330 cm−1 can be seen in various configurations. By temperature-dependent measurements
it can be identified as a difference mode (subsection 4.1). Recently, it could be assigned to
the process E2(high)-E2(low) by symmetry considerations [Cusco 2007].
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Config. Modes Raman shift (cm−1)
z(xx)z̄ A1(LO), E2(h), E2(l) 574, 438, 99
x(yy)x̄ A1(TO), E2(h), E2(l) 378, 438, 99
x(zy)x̄ E1(LO) 410
x(zy)y E1(LO), E1(TO) 590, 410

Figure 3.5: Allowed optical phonon modes in the Raman spectra of wurtzite ZnO for
different experimental configurations [Cusco 2007].

The micro-Raman experiments conducted for this thesis implybackscattering configu-
ration and also all macro-Raman experiments were conducted in backscattering geometry.
As the surface of most of the studied ZnO systems with well defined orientation is c-plane-
oriented (0001), the scattering configurations valid for most experiments in this thesis are
z(xx)z̄ andz(xy)z̄.
Possible relaxation of the Raman selection rules can be caused by disordered or not per-
fectly aligned crystals (subsection 2.3.2). Additionally, as stated in subsection 2.2.2, in
micro-Raman scattering the light is not solely collected from the 180◦ backscattering an-
gle but from a finite solid angle. Furthermore, samples like wet-chemically synthesized
ZnO nanoparticles or polycrystalline VPT ZnO systems do notpossess a macroscopically
defined orientation. Thus, the corresponding Raman scattering results reflect all possible
orientations.
By very sensitive Raman experiments, Cusco et al. observed a variety of additional Ra-
man signals and assigned them to multi-phonon modes by theirsymmetry and temperature
behavior [Cusco 2007]. For a complete overview see Table 3.1.As the individual partici-
pating phonons are not restricted to q = 0 in multi-phonon scattering, various features can
be expected in the higher wavenumber region. They reflect themulti-phonon density of
states, but still the multi-phonon selection rules have to be fulfilled [Siegle 1997]. Figure
3.6 displays phonon density of state curves calculated using ab initio methods [Serrano
2004]. The one-phonon density of states ranges from 0 cm−1 to about 600 cm−1, with a
gap between the acoustic and optical branches from 270 cm−1 to 370 cm−1. This gap is
important for the possibility of impurity gap modes (see subsection 2.3.2). Local modes
are possible for frequencies above the optical mode branches, i.e. above 600 cm−1. Note
that the corresponding energy is rather high and only impurities lighter than oxygen can
be expected to induce local modes. While the two-phonon difference modes are obviously
located in the frequency range of the one-phonon branches, the frequency range above 570
cm−1 is dominated by two-phonon sum modes and multi-phonon processes of higher order.
The intensity of multi-phonon processes is particularly strong in resonant Raman scattering
[Calleja 1977] when the exciting light approaches the band gap energy.
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Process Raman shift (cm−1) Brillouin zone points / lines

E2(low) 99 Γ

2TA; 2E2(low) 203 L, M, H ;Γ
B1(high)-B1(low) 284 Γ

E2(high)-E2(low) 333 Γ

A1(TO) 378 Γ

E1(TO) 410 Γ

E2(high) 438 Γ

2LA 483 M-K
2B1low; 2LA 536 Γ; L, M, H
A1(LO) 574 Γ

E1(LO) 590 Γ

TA+TO 618 H, M
TA+LO 657 L, H
TA+LO 666 M
LA+TO 700 M
LA+TO 723 L-M
LA+TO 745 L-M
LA+TO 773 M, K
LA+TO 812 L, M
2TO 980 L-M-K-H
TO+LO 1044 A, H
TO+LO 1072 M, L
2LO 1105 H, K
2A1(LO),2E1(LO); 2LO 1158 Γ; A-L-M

Table 3.1: Raman active phonons and phonon combinations of wurtzite ZnOand their
wavenumber values from [Cusco 2007]. In the third column, the corresponding points or
lines of the processes in the Brillouin zone are denoted.

Figure 3.6: One-phonon, two-phonon-sum, and two-phonon-difference density of states,
redrawn from [Serrano 2004]. Note the frequency gap between theacoustic and optical
phonon branches from 270 cm−1 to 370 cm−1 in the one-phonon density of states.
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Figure 3.7: (a) ZnO band structure at theΓ-point of the Brillouin zone [Meyer 2004].
The conduction band (empty Zn2+ 4s orbitals) and the highest valence subband (occupied
O2− 2p orbitals) possessΓ7 symmetry.(b) Photoluminescence of bulk n-type ZnO [Meyer
2004]. The spectrum is dominated by the so-called green band(from impurities or defects),
and, in the blue to UV spectral range, by excitonic and donor-acceptor pair emission with
the corresponding phonon replica.

3.1.3 Band gap and optical properties

ZnO possesses a large band gap of 3.4 eV. The conduction band minimum, formed by
empty 4s orbitals of Zn2+ (or the antibonding sp3 hybrid states), and the valence band
maximum, formed by occupied 2p orbitals of O2−(or the bonding sp3 hybrid states), both
lie at the center of the Brillouin zone (Γ-point) [Klingshirn 2007], i.e. the band gap of
ZnO is direct. In Figure 3.7, the band structure at theΓ-point is shown. Due to crystal-
field and spin-orbit interaction, the valence band is split into three states (A, B, C). The
upper valence subband (A) and the conduction band both haveΓ7 character [Meyer 2004].
The large band gap energy of 3.4 eV corresponds to a wavelength of 365 nm, i.e. in
the UV. Therefore, high-quality ZnO is highly transparent throughout the visible spectral
range. Moreover, the wavelength of the exciting laser in resonance Raman experiments
is required to be in the UV and the experimental equipment must be UV-compatible. On
the other hand, Raman spectroscopy with excitation in the visible spectral range has the
advantage of a large scattering volume due to the transparency of ZnO. By alloying ZnO
with MgO (band gap 7.5 eV) or CdO (band gap 2.3 eV), the fundamental band gap can be
tailored to the particular application within a large energetic range.
The optical properties of ZnO are strongly influenced by the electronic band structure and
the phononic properties. In Figure 3.7 a photoluminescence(PL) spectrum of n-type bulk
ZnO with several characteristics is shown. The (near-band-gap) excitonic emission and
donor-acceptor pair (DAP) emission with their optical phonon replica dominate the PL in
the high energy region. Additionally, the so-called green band between about 440 nm (2.8
eV) and 650 nm (1.9 eV) occurs, which is generally attributedto impurities or defects in
ZnO [Klingshirn 2007].
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Figure 3.8: Periodic table of elements. Labeled are elements which make potential candi-
dates or are already used for p- or n-doping, band gap engineering, or magnetic alloying
of ZnO.

3.2 Growth, processing, and applications

As mentioned before, ZnO is already used in large-scale industrial manufacturing (food
additives, cosmetics, plastics, etc.). Due to progress in processing and theoretical under-
standing of its unique optical, semiconducting, and piezoelectric properties, conventional
applications can be improved and, additionally, new application potentials arise. For ex-
ample, ZnO-based systems could represent an important light source in the future or be
utilized as a transparent conducting oxide for applications such as front electrodes in so-
lar cells and liquid crystal displays. The major technical challenge for many of the new
applications is to achieve stable and reproducible p-type ZnO. Theoretical aspects and the
experimental situation of the p-doping issue are reviewed in subsection 3.2.1. Raman scat-
tering results on nitrogen-doped ZnO systems are presentedand discussed in chapter 6.
ZnO has also been considered for spintronics applications since theoretical predictions of
room temperature ferromagnetism (RT FM) in ZnMnO. While experimental evidence for
such RT FM has been reported for ZnO alloyed with different transition metals (TM), it
stays unclear whether the observed magnetic properties areintrinsic, i.e. due to substi-
tutional incorporation of the magnetic impurities, or if they result from either magnetic
secondary phases or experimental negligences. The theory of the diluted magnetic semi-
conductor ZnO and experimental findings are summarized in subsection 3.2.2. In chapter
5, experimental results on ZnO:TM systems are presented fora variety of transition metals.
As new applications of ZnO often involve the incorporation of impurities, Figure 3.8 gives
an overview over the elements which make potential candidates or are already used for p-
or n-doping, band gap engineering, or magnetic alloying.
There are manifold growth techniques for ZnO. Most of the samples for this thesis were
fabricated using molecular beam epitaxy, vapor phase transport, wet-chemical synthesis, or
hydro-thermal growth. Impurity incorporation was carriedout during growth or via post-
growth ion implantation. Detailed growth parameters are given in the results sections, and
ion implantation is discussed in subsection 4.1.1 and section 5.1. Another major trend in
ZnO research is the fabrication of ZnO nanosystems with various morphologies and great
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potential for future application, see subsection 3.2.3. Raman spectroscopic results on ZnO
nanostructures are presented in section 4.2.

3.2.1 Doping of ZnO

The doping of ZnO and the influence of various impurities and intrinsic defects in ZnO
are reviewed in detail in [Look 2006]. As-grown ZnO is generally n-type with dominating
shallow donors. This n-type character was found to be due to hydrogen impurities and
intrinsic defects. While the oxygen vacancy VO and the zinc interstitial ZnI indeed act
as donors, they are not expected to play a major role due to their high formation energy
[Kohan 2000]. Other native-defect donors, especially complexes involving ZnI , may have
a more important influence on the n-type character of ZnO [Look 2005]. The dominant
donor in as-grown ZnO is hydrogen, which is always a donor in ZnO and has a low forma-
tion energy [Van de Walle 2000]. Besides the n-type properties of the as-grown ZnO, also
additional n-doping proves to be uncomplicated, as the group III elements Al, Ga, and In
can easily be incorporated on Zn sites, resulting in possible carrier concentrations beyond
1020 cm−3.
While n-type ZnO is obviously available without complications, p-doping is probably the
primary technical issue of ZnO processing. Low acceptor concentrations in as-grown ZnO
can be explained by zinc vacancies VZn, but are clearly overcompensated by the presented
n-type properties. While the group I elements Li and Na are expected to be shallow accep-
tors on Zn sites, both can be incorporated as donors (LiI , NaI) as well. Thus, they exhibit
a too strong self-compensation. Among the candidates for impurities acting as acceptors,
the most promising are the group V elements N, P, As, and Sb. Nitrogen on oxygen sites
(NO) is a shallow acceptor in ZnO with a binding energy of about 100 meV. Regarding
its ionic size, (NO) should be the ideal acceptor. While indeed high NO concentrations
of up to 1020 cm−3 were demonstrated, in most cases the active acceptor concentration is
much lower, most probably due to passivation by hydrogen. Possible remedies against the
acceptor passivation by hydrogen are post-growth thermal annealing or sample irradiation.
Consequentially, successful p-type ZnO via nitrogen incorporation and subsequent fabri-
cation of blue ZnO-based LEDs was achieved using a laborious, temperature-modulated
MBE growth [Tsukazaki 2004]. Other promising experiments towards p-doping of ZnO
have been conducted with the other group V elements P, As, andSb. Still, no straightfor-
ward procedure has been established for fabricating reproducible and stable p-type ZnO of
high quality.

3.2.2 ZnO:TM as DMS system

In the field of spintronics (spin transport electronics), researchers investigate the spin de-
gree of freedom of electrons with respect to its applicationeither in conventional elec-
tronics or in a new, solely spin-based technology with expected advantages such as non-
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volatility, increased data processing speed, decreased electric power consumption, and in-
creased integration densities [Wolf 2001]. Though, much inthis area is speculative and
there are also skeptic opinions as to the predicted superiority of spintronics compared
to conventional electronics [Bandyopadhyay 2004]. Major technical issues are yet to be
solved in order to realize a fully functional spin-based technology, e.g. efficient spin injec-
tion and controlled spin transport. Furthermore, potential materials for spintronics have to
meet various requirements including a high spin-polarization. A key material system for
such applications could be the class of diluted magnetic semiconductors (DMS). In DMS,
non-magnetic host ions are partially substituted by magnetic ions, most frequently by tran-
sition metal (TM) ions [Furdyna 1988]. While a major advantage of such systems would be
their great potential of combining spintronics with conventional semiconductor-based elec-
tronics, it is unclear whether DMS can be fabricated which meet the material requirements.
Well-understood DMS systems already exist, e.g. GaMnAs, with very promising magnetic
properties, however, with Curie temperatures (TC) below room temperature, which strongly
limits their application potential.
Using a mean-field Zener model, Dietl et al. presented two promising DMS candidates with
predicted stable ferromagnetic configurations above room temperature arising from carrier-
mediated exchange interaction [Dietl 2000]: GaMnN and ZnMnO. However, according to
these calculations, p-type ZnO is required as host material. While Mn acts as an acceptor
in the III-V compound GaMnAs, it is isoelectric in ZnO. As discussed in subsection 3.2.1,
high quality p-type ZnO is not easily available (yet). This is even more problematic when
ZnO is alloyed with TM ions because the n-type character of ZnO due to intrinsic defects is
increased by the disordering. Ab initio calculations againshowed stable room temperature
ferromagnetism (RT FM) for p-type ZnO alloyed with Mn, but additionally for n-type ZnO
alloyed with other TM ions [Sato 2001]. Furthermore, a modelfor ferromagnetic coupling
in n-type diluted oxides due to bound magnetic polarons was proposed in [Coey 2005].
In the following paragraphs, the mentioned theoretical studies will be outlined. Finally,
the experimental situation with its ambiguous and often contradictory results regarding the
magnetic properties of different Zn1−xTMxO systems is reviewed.

Mean-field Zener model from [Dietl 2000]

Dietl et al. presented a mean-field Zener model for Mn-alloyed semiconductors, which
successfully describes magnetic properties of p-type GaMnAs and ZnMnTe [Dietl 2000].
In this model, the direct interaction between the half-filled 3d shells of adjacent Mn atoms
leads to an antiferromagnetic configuration (super exchange). The ferromagnetic correla-
tion, on the other hand, arises from interactions of the localized Mn spins mediated by free
holes from shallow acceptors in doped magnetic semiconductors. Mn in GaMnAs is, as
discussed before, a localized spin as well as an acceptor, whereas II-VI semiconductors
have to be doped additionally to fulfill the requirements of this model.
In this theoretical framework, the Ginzburg-Landau free-energy functional is expressed as a
function of the magnetization by the localized spins and then minimized. The correspond-
ing Curie temperature is calculated using a mean-field approximation for the long-range
exchange interactions. TheTC value results from a competition between the antiferro-
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Figure 3.9: (a) According to a mean-field Zener model, ZnO and GaN with 5% Mn and
a hole concentration of 3.5 x1020 cm−3 are promising materials for ferromagnetism at
room temperature [Dietl 2000].(b) According to ab initio calculations, p-type host ZnO is
required for a stable ferromagnetic configuration of ZnMnO [Sato 2001].

magnetic direct Mn-Mn interaction and the hole-mediated ferromagnetic coupling and it
depends on material parameters, Mn concentration, and holedensity. Encouraged by suc-
cessful results for GaMnAs and ZnMnTe, additional values were computed for various
semiconductors containing 5% Mn and 3.5 x1020 cm−3 holes. The highest Curie tempera-
tures (TC > RT ) were calculated for GaMnN and ZnMnO, see Figure 3.9a. While ZnMnO
is thereby identified as a promising DMS candidate, the limitations of the model have to
be kept in mind. The results are only valid for the transitionmetal Mn and for p-type ZnO
with a high carrier concentration.

Ab initio calculations from [Sato 2001, Sato 2002]

Sato et al. conducted ab initio calculations on the electronic structure of TM-alloyed
ZnO [Sato 2001], using a Green’s-function method based on the local spin density ap-
proximation (LSDA). In a wurtzite supercell with 8 ZnO molecules, two Zn atoms were
substituted by TM ions, corresponding to a TM concentrationof 25%. Since TM substitu-
tion of Zn is isoelectric, doping was induced by additional substitutions: NO for p-doping
and GaZn for n-doping (see subsection 3.2.1). By this approach, the electronic structure
is calculated for the ferromagnetic state (parallel spins)and the antiferromagnetic state
(partly antiparallel spins). The energy difference∆E = Eafm-Efm then gives the more sta-
ble configuration. The results are presented in Figure 3.9b:In the case of p-type ZnMnO,
ferromagnetic ordering is more stable, while for n-type or insulating ZnMnO, antiferro-
magnetism can be expected.
While this result is in accordance with the findings in [Dietl 2000], an analysis of the total
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Figure 3.10: The plots from [Sato 2002] show the calculated energy difference between the
ferromagnetic state and the spin-glass state versus the carrier concentration in ZnTMO.
The results are shown for different transition metals and transition metal concentrations.
While p-type host ZnO is required for a ferromagnetic configuration of ZnMnO (a), n-type
host ZnO is more promising for Fe, Co, and Ni (b-d).

DOS in [Sato 2001] suggests a different mechanism for the ferromagnetic coupling in p-
type ZnMnO: Carrier-hopping between partially occupied 3d-orbitals of the TM impurities
leads to a ferromagnetic alignment of neighboring ions, i.e. the so-called double exchange.
In the case of Mn with its half-filled 3d shells, electron doping does not yield the expected
stabilization of such a ferromagnetic configuration. In contrast, according to the ab initio
calculations, such stabilization by donors can be expectedin ZnO alloyed with Ti, V, Cr,
Fe, Co, Ni, and Cu. In [Sato 2002], the stability of the ferromagnetic ordering was calcu-
lated by the same method for a variety of carrier and TM concentrations. For Ni, Fe, and
Co indeed n-type ZnO was found to be the more promising host material (see Figure 3.10).
Findings of [Sato 2001] regarding undoped ZnO as host material were challenged by the
work of [Spaldin 2004], where, according to similar LSDA-based DFT calculations, p-type
ZnO was found to be necessary for stable ferromagnetism in both Mn- and Co-alloyed ZnO.
It should also be noted that the calculations in [Sato 2001, Sato 2002] require very high
TM concentrations of up to 25% forTC > RT , depending on the TM.
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Figure 3.11: Figure from [Coey 2005]: Donor electrons in ZnO (here: due to oxygen
vacancies) tend to form bound magnetic polarons, which couple the 3d moments of the
magnetic ions (arrows) within their orbits. Zinc atoms are represented by circles and
oxygen vacancies by squares, while the regular oxygen sublattice is not shown.

Donor impurity band exchange model from [Coey 2005]

While all above-mentioned theoretical findings agree in the fact that n-type Mn-alloyed
ZnO should show no ferromagnetism, several experimental results report RT FM for this
system (see next paragraph and Table 3.2). A model was proposed in [Coey 2005] in order
to explain ferromagnetic exchange coupling in n-type diluted magnetic oxides, including
ZnO. In this model, a material system is considered where magnetic atoms substitute non-
magnetic cations and, additionally, donor defects are present (e.g. oxygen vacancies in
ZnO, see subsection 3.2.1). For a sufficient donor defect concentration, the hydrogenic
orbitals of the electrons associated with the defects can overlap to form a delocalized im-
purity band. The donors then tend to form bound magnetic polarons, coupling the 3d
moments of the magnetic ions within their orbits. This mechanism is illustrated in Figure
3.11. Generally, the coupling between a donor electron and amagnetic cation is ferromag-
netic if the 3d shell is less than half full, but antiferromagnetic otherwise. The mediated
coupling between the magnetic ions themselves is ferromagnetic either way. Long-range
ferromagnetic order, finally, occurs above the percolationthresholds of both the polaron
and the magnetic cation concentration.
Note that this model is applicable both for n-type and p-typematerial and that the mecha-
nism already works for a comparatively low carrier concentration.
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Sample TM RT FM Origin Author

film V yes intrinsic [Saeki 2001]
film Co yes intrinsic [Ueda 2001]
film Cr,Mn,Ni no - [Ueda 2001]

film/powder Co yes/no intrinsic/- [Lee 2002]
nanorods Co yes sec.phase [Ip 2003]

film Co yes sec.phase [Norton 2003]
bulk/film Mn yes intrinsic [Sharma 2003]

film Co yes sec.phase [Park 2004]
film Sc,Ti,V,Fe,Co,Ni yes intrinsic [Venkatesan 2004]
film Cr,Mn,Cu no - [Venkatesan 2004]
film Cu yes intrinsic [Buchholz 2005]

nanocrys. Mn,Co yes intrinsic [Kittilstved 2005]
bulk Mn,Co no - [Lawes 2005]
film Mn yes substr. [Mofor 2005]

powder Mn,Co no - [Rao 2005]
polycrys. Fe+Cu yes sec.phase [Shim 2005]
nanowires Mn yes intrinsic [Philipose 2006]

film Mn,Co yes ZnO def. [Hong 2007]
nanocrys. Fe yes intrinsic [Karmakar 2007]

film Cu yes sec.phase [Sudakar 2007]
film Mn yes intrinsic [Xu 2007]

Table 3.2: Studies on the magnetic properties of transition-metal-alloyed ZnO. The third
and the fourth column denote whether room temperature ferromagnetism was observed
and what origin was identified for this RT FM by the authors, respectively.

Experimental situation

Since the theoretical works in [Dietl 2000] and [Sato 2001],an extensive research ac-
tivity was resulting in numerous publications on transition-metal-alloyed ZnO in the past
years. While in several of these studies an intrinsic ferromagnetism of ZnTMO is stated
[Sharma 2003, Ueda 2001], the entire experimental situation advises caution. Systems with
many different parameters have been studied, which makes a clear picture difficult. Among
the studied systems are ZnO nanostructures, bulk crystals,thin films, and ceramics, alloyed
with different transition metals and transition metal combinations, and fabricated using var-
ious different growth techniques and after-growth treatments. Furthermore, results on the
magnetic properties of TM-alloyed ZnO are often contradictory, even for similar samples
and experimental conditions. In Table 3.2, prominent experimental studies regarding the
magnetic properties of transition-metal-alloyed ZnO are presented. In accordance with
other reviews of the experimental situation [Liu 2005, Norton 2006, Ozgur 2005, Seshadri
2005], the results are ambiguous with respect to the existence and origin of a RT FM in
ZnO-based DMS systems.
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In addition to the difficulties of providing high-quality p-type ZnO, often extrinsic ef-
fects cannot be sufficiently excluded as cause for the observed properties. In [Mofor 2005],
for example, ferromagnetism in ZnMnO layers was identified as mainly extrinsic, originat-
ing from slightly magnetic substrate material. Furthermore, magnetic contamination of
samples due to handling with stainless-steel tweezers was found in [Abraham 2005]. Still,
the key issue is the formation of secondary phases because the required transition metal
concentrations are typically in the range of 5-25% and therefore often near or above the
corresponding solubility limits in ZnO [Jin 2001, Kolesnik2004]. All theoretical models,
however, demand substitutional incorporation of the TM ions on Zn sites. Since not only
the elemental TM clusters, but also most TM oxides show distinct magnetic properties, mi-
nor precipitate formation may already dominate the magnetic properties of such samples.
To summarize, up to now the magnetic properties of ZnTMO systems are not fully under-
stood, and the often contradicting experimental results require further thorough research.
Especially, microstructural studies should always be included to evaluate the influence of
magnetic secondary phases. In chapter 5, Raman spectroscopyis successfully applied to
study the impact of TM impurity incorporation on the ZnO crystal and to identify magnetic
secondary phase inclusions.

3.2.3 ZnO-based nanostructures

Much of the future potential of ZnO lies in nanostructured ZnO, for instance in nanolasers,
-sensors, -resonators, -cantilevers, and -field-effect-transistors [Wang 2004] as well as in
many other mechanical, electronic, photonic, and biomedical applications. Specific physi-
cal properties of ZnO nanostructures due to size effects arereviewed in [Ozgur 2005, Wang
2004]. Because of the strong tendency of ZnO to self-organized growth, nanostructures of
various different morphologies can be grown by straightforward fabrication techniques:
Nanoparticles (quasi-0D), -wires/-rods (quasi-1D), -belts, -tubes, -cages, and many more.
Important growth techniques for such nanostructures include MBE or pulsed laser deposi-
tion (PLD). Another especially versatile fabrication method is the solid-vapor-phase tech-
nique [Wang 2004]. In this process, the source material is vaporized in a furnace and
condenses on a substrate. Thereby, different morphologiesare achieved by variation of the
growth parameters, such as temperature, carrier gas, substrate, and source material. Exam-
ples of various morphologies grown by this method are shown in Figure 3.12.
Nanorods/-wires are successfully grown by the vapor-liquid-solid (VLS) approach [Wang
2004]. In this growth process, metal droplets with diameters in the nanometer range (cor-
responding to the desired rod/wire diameter) serve as catalyst in the 1D ZnO growth. The
gas phase reactant is absorbed by the liquid droplet and, after supersaturation, the ZnO
nucleation starts.
Among the mentioned ZnO nanostructures, this thesis focuses on nanoparticles. The ma-
jority of the studied nanoparticles were prepared by wet-chemical synthesis, few by spray
pyrolysis. In the latter, precursors are sprayed on a heatedsubstrate, where they react with
each other forming nanoparticles. The principles of the wet-chemical synthesis developed
for the samples of this thesis are described in [Chory 2007]: Alow temperature synthe-
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Figure 3.12:ZnO nanostructures with various morphologies, fabricated with a solid-vapor
process [Wang 2004].

sis from ethanolic solutions results in nanocrystalline ZnO powder with various organic
molecules as potential stabilizing ligands. The synthesisparameters and different synthe-
sis variants used are discussed in detail in section 4.2.
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Part II

Results and discussion





Chapter 4

Pure ZnO: bulk crystals, disorder
effects, and nanoparticles

In this chapter, pure ZnO systems are investigated by Raman spectroscopic means. Impor-
tant questions addressed are the structural characteristics of samples with different mor-
phologies or fabricated using different growth processes.In section 4.1, bulk ZnO single
crystals are characterized, which act as host crystals for the implanted ZnO systems dis-
cussed in the chapters 5 and 6. Using these high-quality ZnO single crystals and, for com-
parison, structurally inferior, polycrystalline bulk ZnO, general Raman scattering proper-
ties of non-ideal ZnO are presented. The impact of ion irradiation on the structural quality
of the ZnO host crystals is analyzed in subsection 4.1.1. In section 4.2, finally, ZnO nano-
structures are studied, with focus on structural properties and size effects of wet-chemically
synthesized nanoparticles.

4.1 ZnO single crystals and polycrystalline ZnO

In the following, hydrothermally grown ZnO single crystalsfrom CrysTec, Berlin, are
characterized by Raman spectroscopy. These samples were taken as host crystals for the
implantation of ZnO with transition metal ions (magnetic alloying) and nitrogen ions (dop-
ing), discussed in the chapters 5 and 6, respectively. As will be shown in the course of this
thesis, these single crystals contain residual impurities, for example Mn and Fe. However,
the impurity density is far below the Raman detection limit and they do not influence the
Raman studies presented in this section. Hence, these singlecrystals can be considered as
model systems for well-ordered, pure ZnO.

Figure 4.1a shows Raman spectra of such a ZnO single crystal, which were recorded
in different scattering configurations with well-defined crystal orientation as well as well-
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Figure 4.1: (a) Raman spectra of a ZnO single crystal, recorded in differentscattering
configurations (excitation:λ = 514.5 nm). The scattering configurations are denoted us-
ing the Porto notation, the mode assignment is in accordancewith literature results [Cusco
2007]. (b) Temperature-dependent Raman spectra of a ZnO single crystal (excitation: λ
= 514.5 nm). All spectra are normalized to the intensity of the E2(high) mode at about
437 cm−1. The mode observed at about 332 cm−1 disappears at low temperatures and is
assigned to the difference process E2(high)-E2(low). (c) Raman spectra of polycrystalline
ZnO, recorded with the laser focus on different spots on the surface of the sample (exci-
tation: λ = 514.5 nm). Because the scattering configuration is not well-defined for such
a polycrystalline sample, the spectra reflect the mixture oforientations present within the
laser spot during each experiment. For comparison, a Raman spectrum of a ZnO single
crystal is shown, recorded inz(xx)z̄ configuration.
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defined incident and detected polarization. Like in all Ramanexperiments for this thesis,
the spectra were recorded in 180◦ backscattering. To describe the respective scattering
configuration, the Porto notation is used, which was introduced in subsection 2.1.3. The
most commonly used configurationz(xx)z̄ corresponds to incident and scattered light di-
rections along the ZnO c-axis as well as to incoming and detected polarization parallel to
each other and perpendicular to the ZnO c-axis. The characteristic Raman features for this
symmetry are the E2(low) and E2(high) phonon modes at about 99 cm−1 and 437 cm−1,
respectively. The A1(LO) phonon mode at about 577 cm−1 is allowed in this symmetry,
but occurs with very weak intensity in this well-ordered ZnO. The even smaller feature
at about 537 cm−1 corresponds to a 2xLA phonon mode process [Cusco 2007]. An addi-
tional feature occurs at about 332 cm−1. This mode was tentatively, and falsely, attributed
to a two-phonon sum from outside the BZ center [Calleja 1977], which assignment is still
commonly used. However, Figure 4.1b clearly shows that thismode disappears for low
temperatures, indicating a difference phonon process as origin. From this behavior and
the frequency position, the feature is attributed to the E2(high)-E2(low) difference mode.
As stated above, the strongest modes in this configuration are the E2(high) at about 437
cm−1 and the E2(low) at about 99 cm−1. The frequency difference between these strong
modes agrees well with the observed wavenumber position of the Raman feature at about
332 cm−1. This assignment as a second order process from the difference E2(high)-E2(low)
was recently confirmed by symmetry considerations and a temperature-dependent intensity
analysis [Cusco 2007].
In most experiments for this thesis, no polarization selection of the scattered light was
used in order to be sensitive for diagonal as well as off-diagonal Raman tensor components
of possible additional Raman peaks. For the commonly used scattering configuration de-
scribed above, this corresponds to the detection of bothz(xx)z̄ andz(xy)z̄ contributions.
However, no additional bulk modes of pure ZnO are expected from the cross polarization in
this case because only the E2 modes are allowed forz(xy)z̄, as can be seen in Figure 4.1a.
In experiments with directions of the incident and scattered light perpendicular to the ZnO
c-axis, TO modes are allowed. The A1(TO) mode at about 378 cm−1 is observed inx(yy)x̄
andx(zz)x̄ configuration, while the E1(TO) mode occurs at about 410 cm−1 in x(yz)x̄ and
x(zy)x̄. In x(zz)x̄ configuration, the E2 modes are forbidden and, consequently, do not
appear. In contrast, the E1(LO) mode is clearly observed at about 588 cm−1, although also
symmetry-forbidden inx(zz)x̄ [Cusco 2007]. However, the E1(LO) mode was observed
before in this configuration, which was attributed to interband Fr̈ohlich interaction in non-
ideal ZnO [Calleja 1977].

In contrast to the predictable Raman spectra in a well-ordered ZnO single crystal, the
spectra in Figure 4.1c can not be attributed to one defined symmetry. The micro-Raman
experiments for these spectra were conducted with the laserfocused on different spots on a
polycrystalline ZnO sample grown by vapor phase transport (VPT). Therefore, the spectra
reflect the different orientations which are present withinthe laser spot of aboutµm size.
In addition, a broad signal appears in the spectra of the polycrystalline sample between
500 cm−1 and 600 cm−1, peaking at about 570 cm−1 to 590 cm−1. In this wavenumber
region of high phonon DOS, the LO phonon modes are located. Their intensity is strongly
influenced by Fr̈ohlich interaction (see subsection 2.3.2), which itself can be induced by
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impurities and intrinsic defects [Colwell 1972, Friedrich 2007]. The band is therefore
attributed to disorder-induced Raman scattering, resulting in: (a) intensity-enhanced LO
phonon modes, especially A1(LO), due to disorder-induced Fröhlich scattering, and (b)
showing through of the high phonon density of states due to phonon contributions from
outside the BZ center. Such contributions are expected in disordered systems due to soft-
ening of the Raman selection rules, see subsection 2.3.2. Therefore, the broad band reflects
the increased disorder of this VPT-grown polycrystalline sample compared to the ZnO sin-
gle crystals discussed above. The origin of the ‘disorder band’ will be discussed in more
detail in the course of this thesis. For example, it will be studied for extrinsic disorder in
Ar-irradiated ZnO single crystals in subsection 4.1.1.
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Figure 4.2: (a) Raman spectra of a ZnO single crystal, recorded with different laser wave-
lengths (excitation:λ1 = 514.5 nm,λ2 = 457.9 nm). A weak resonance effect is observed
for the A1(LO) mode at about 577 cm−1. (b) Resonant Raman scattering in a ZnO single
crystal (excitation:λ = 363.8 nm). The spectrum is solely dominated by the A1(LO) mode
and the corresponding multiple phonon processes 2xA1(LO), 3xA1(LO), etc.

With regard to the experiments of chapters 5 and 6, it can be stated that the CrysTec
ZnO single crystals show the expected ZnO Raman scattering fingerprint for all configu-
rations. In particular, no additional modes are observed. Moreover, the peak widths and
frequency positions indicate a very good crystalline quality. The VPT-grown sample is
polycrystalline and shows indications for a somewhat inferior structural quality. While
other VPT-grown samples studied in this thesis show a significantly better crystal quality,
their polycrystalline character inevitably leads to less well-defined scattering configura-
tions.

Figure 4.2 shows resonance effects in the Raman scattering results of a ZnO single crys-
tal. First resonance effects are already observed when tuning the wavelength of the exciting
laser from green (514.5 nm) to blue (457.9 nm), see Figure 4.2a. The stronger resonance of
the LO modes associated with Fröhlich scattering compared to the deformation-potential-
dominated modes leads to a higher intensity of the A1(LO) mode when tuning the laser
wavelength towards the ZnO band gap energy [Calleja 1977]. This resonance effect is
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much stronger when the exciting laser has an energy exactly at or very close to the ZnO
band gap at about 3.4 eV. This is shown in Figure 4.2b. The spectrum taken with the 363.8
nm line of an Ar ion laser is solely dominated by the A1(LO) mode and the corresponding
multiple modes 2xA1(LO), 3xA1(LO), etc. Raman resonance experiments provide sensi-
tivity advantages, which are especially useful for very thin layers or other systems which
show weak Raman scattering intensity. However, for most of the systems studied in this
work, excitation in the visible range delivers more information at a clearly sufficient inten-
sity. Moreover, UV excitation can lead to strong local heating effects in ZnO, especially
in nanocrystallites [Alim 2005/1, Alim 2005/2]. For this reason, excitation in the visible
spectral range combined with sufficiently long integrationtime were chosen in order to
obtain the required signal strength in the Raman experimentsfor this thesis.

Figure 4.3: Schematic diagram of an ion implantation process as conducted for several
ZnO systems of this thesis. Ions are accelerated electrostatically and impinge on the target
crystal. Besides the incorporation of the desired elements, crystal damage is induced by
the implantation, which can be healed to a large extent by thermal annealing.

4.1.1 Effect of ion irradiation on ZnO single crystals

In this section, the commonly used method of ion implantation is outlined. Since pure ZnO
is in the focus of this chapter, the experimental analysis isrestricted to the disorder induced
by the ion irradiation. Additional disorder effects of the implanted ions are discussed in
chapter 5 for the incorporation of transition metal ions (magnetic alloying) and in chapter
6 for the incorporation of nitrogen ions (p-type doping). Inboth cases, the host crystals are
hydrothermally grown ZnO single crystals from CrysTec, Berlin, which were character-
ized by Raman scattering above. The host crystals have a well-defined orientation and are
implanted along the (0001) direction using the Zn-polar surface. The implantation process
is shown schematically in Figure 4.3. Ions of the desired element are produced within an
ion source and electrostatically accelerated. In a target chamber, they impinge on the host
crystal. The amount of implanted material is very well tunable via the ion energies and
fluences. Furthermore, only the desired ions are incorporated and the implantation of other



72 Pure ZnO: bulk crystals, disorder effects, and nanoparticles

impurities can be excluded to the greatest extent. Besides the incorporation of the desired
element, also disorder is accumulated at the surface and in the implanted layer. In order
to obtain samples with good structural quality, thermal annealing is generally required af-
ter an ion implantation. Theoretical considerations and experimental results concerning
ion-implanted ZnO and subsequent thermal annealing are summarized in a recent review
article [Kucheyev 2006].
The penetration depth of the ions depends on the ion energy and on the material properties
of both the implanted ions and the host crystal. Energies in the keV range correspond to
actual ion implantation, lower energies result in ion beam deposition on the target surface.
For the implantations discussed in this thesis, energies between 50 keV and 450 keV as well
as total fluences from 1 x1013 cm−2 to 4 x1017 cm−2 were used. For each implantation, a
set of fluences and energies was chosen in order to achieve a box-like implantation profile
with a constant concentration within a layer of several 100 nm depth. To determine the
ideal implantation parameters, implantation profiles werecalculated with the Monte Carlo
program package SRIM/TRIM [Ziegler 1985]. In Figure 4.4a, theresult of such a calcu-
lation is shown for ZnO implanted with a concentration of about 8 at.%. The implanted
concentrations used in this thesis range from as low as 0.005at.% (relative to oxygen) for
nitrogen doping to 32 at.% (relative to Zn) in the case of heavy TM implantation.
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Figure 4.4: (a) Simulations for ion-implanted ZnO host crystals, calculated with the Monte
Carlo program package SRIM/TRIM [Ziegler 1985]. The energies and fluences of the
ions have been chosen in order to obtain a box-like implantation profile with a maximum
concentration of 8 at.%.(b) Implantation and atom displacement profiles, respectively, of
ion-implanted ZnO, calculated with the Monte Carlo program package SRIM/TRIM. The
total displacement profile is shifted to a slightly lower depth relative to the implantation
profile because the highest damage by an implanted ion is induced shortly before it comes
to stop.

Obviously, ion implantation generally leads to significantcrystal disorder through-
out the implanted region. Ions lose their kinetic energy viacollisions with target atoms
and, continuously, via an energy drag from the overlap of electron orbitals. The energy
transfer to the host crystal results in point defects like interstitials and vacancies. Using
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SRIM/TRIM, the ballistic processes are simulated, which leadto atom displacements in the
host crystals [Ziegler 1985]. The results of such a simulation are shown in Figure 4.4b, us-
ing the example of implantation with 2 at.% of manganese ionsinto ZnO. The displacement
profile looks similar to the implantation profile, but is shifted to slightly lower depths. Most
of the damage caused by an implanted ion, i.e. the largest energy transfer to the crystal, is
accumulated shortly before the ion comes to a stop. Still, such Monte-Carlo simulations
only compute ballistic processes and neglect the effect of dynamic annealing by the ions
during the implantation process. Experimental results suggest that this dynamic annealing
is particularly strong for ZnO due to the high ionicity of theZn-O bond [Kucheyev 2006].
It promotes defect migration and, therefore, ZnO usually stays crystalline, even when im-
planted with heavy atoms using high doses. Upon such heavy implantation, another effect
has to be taken into account: Sputtering can etch away several monolayers of the crystal’s
surface.
The disorder induced in the host crystal by the implantationdepends not only on implan-
tation parameters, like energies and fluences, but also on the implanted element through
its chemical properties and mass. The disorder can therefore be divided in (i) irradiation
disorder and (ii) disorder induced by the impurities implanted into the host crystal. The
disorder effects induced by the implanted impurities are discussed in detail in the chap-
ters 5 and 6 for transition metal and nitrogen implantation,respectively. In this chapter,
disorder effects of pure ZnO are in the focus. To analyze the implantation effect on Ra-
man scattering without strong effects of the incorporated impurity ions, ZnO crystals were
irradiated with Ar ions. Due to their chemically inert character, they are not expected to
induce strong impurity effects, but mostly irradiation damage. A considerable amount of
surface-near implanted Ar ions can be expected to leave the crystal already during the im-
plantation or during the subsequent thermal annealing. Thus, the process is referred to as
Ar irradiation and the total fluence is used to describe the process and not a concentration
value. The total Ar fluences chosen for the characterizationof the irradiation damage were
1.6 x1016 cm−2, 3.1 x1016 cm−2, 6.3 x1016 cm−2, and 12.6 x1016 cm−2. For each sample,
a set of energies between 60 keV and 300 keV was chosen for a box-like irradiation pro-
file. The smaller mass implies also that the disorder effect of Ar irradiation is significantly
smaller than of implantation with heavier elements such as the TM ions used in chapter 5.
Nevertheless, the Ar irradiation provides a good model system to study the effect of such
extrinsic disorder.

Figure 4.5a shows the Raman spectra of ZnO crystals, irradiated with 6.3 x1016 cm−2

and 12.6 x1016 cm−2 Ar, respectively. In addition, a Raman spectrum of pure ZnO isshown
for comparison. All spectra exhibit a strong E2(high) mode at about 437 cm−1, as it can be
expected in this standard backscattering experiment. The most obvious difference between
the spectra of the irradiated crystals and the pure ZnO spectrum occurs between 500 cm−1

and 600 cm−1. Especially in the spectrum corresponding to the highest Arfluence, a broad
band appears, peaking near the A1(LO) position at about 576 cm−1. Note that the inten-
sity of this band is still below 20% of the E2(high) mode maximum for this Ar-implanted
sample, in contrast to samples with heavier implantation damage discussed in the course of
this thesis. Figure 4.5b shows that this effect of increasedintensity at the A1(LO) position
is already observable for lower irradiation fluences, but toa strongly reduced degree.
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Figure 4.5: (a) Raman spectra of ZnO single crystals irradiated with Ar, using fluences
of 6.3 x1016 cm−2 and 12.6 x1016 cm−2 , respectively (excitation:λ = 514.5 nm). For
comparison, a spectrum of pure ZnO is shown. The disorder is reflected by a broad band
in the A1(LO) region, especially for the 12.6 x1016 cm−2 irradiation. (b) Raman spectra of
ZnO single crystals irradiated with Ar, using fluences of 1.6 x1016 cm−2, 3.1 x1016 cm−2,
and 6.3 x1016 cm−2, respectively (excitation:λ = 514.5 nm). For comparison, a spectrum
of pure ZnO is shown. The disorder effect scales with the irradiation dose, but is relatively
weak in these samples irradiated with comparatively low Ar doses.

Several points indicate that the broad, additional Raman feature in Figure 4.5a is in fact
the intensified A1(LO) mode, as it was assigned above for the case of disordered, polycrys-
talline ZnO. For smaller fluences, the spectra of the irradiated samples look nearly identical
to the pure ZnO spectrum with only a slight intensity increase of the A1(LO) mode (Figure
4.5b). This effect is much stronger for larger fluences, but with an additional broaden-
ing of the signal. This broadening can be attributed to Raman scattering contributions of
the A1(LO) phonon branch from outside the Brillouin zone center dueto disorder-induced
reduction of the crystal symmetry. Accordingly, a red-shift of this band is observed for
heavily implanted ZnO, e.g. in subsection 5.2.1, corresponding to the dispersion of the
A1(LO) phonon branch near theΓ -point of the Brillouin zone. The higher intensity of the
A1(LO) phonon is additionally reflected in stronger second-order signals in the 2xLO re-
gion between 1000 cm−1 and 1200 cm−1 in Figure 4.5a. Furthermore, the identity of the
disorder band with the intensified and broadened A1(LO) mode is confirmed by Raman
experiments using different scattering configurations in subsection 6.1.2: The A1(LO) is
symmetry-forbidden inx(yy)x̄ + x(yz)x̄ configuration, and, accordingly, the broad disor-
der band is not observed in the corresponding experiments.
What is the mechanism behind the strong intensification and broadening, observed only
for the A1(LO) mode? The effect is obviously connected to disorder, asit scales with the
used irradiation dose. In the UV experiments of this section, it was shown that it is also the
A1(LO), which is affected most strongly by Raman resonance effects in ZnO. In this case,
the effect was attributed to the stronger resonance of LO modes, which are dominated by
Fröhlich scattering. Fr̈ohlich scattering, on the other hand, can be induced by impurities or
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defects in a crystal [Colwell 1972, Friedrich 2007]. In summary, the broad disorder band
between 500 cm−1 and 600 cm−1, which is observed in many experiments throughout this
thesis, is attributed to intensification and broadening of the A1(LO) mode, caused by ex-
trinsic Fr̈ohlich scattering and Raman scattering contributions from outside the Brillouin
zone center. The intensity, peak width, and frequency position of this Raman signal can be
used as a measure for the crystal quality of ZnO.
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Figure 4.6: (a) Raman spectra of a ZnO single crystal irradiated with Ar, using an ion
fluence of 12.9 x1016 cm−2 (excitation: λ = 514.5 nm). Thermal annealing with Tann ≥
300 ◦C results in a substantial healing of the implantation-induced crystal disorder.(b)
Raman spectra of a ZnO single crystal irradiated with Ar, using an ion fluence of 6.3
x1016 cm−2 (excitation: λ = 514.5 nm). For this implantation dose, the crystal disorder
is completely healed by thermal annealing at Tann ≥ 500 ◦C within the sensitivity of the
conducted Raman experiments.

Because ion irradiation damages the crystal structure of thetarget, mostly a subsequent
thermal annealing is applied. The thermal energy causes defects to migrate, which can
improve the quality of the host crystal and may support substitutional incorporation of the
implanted species, in addition [Erhart 2006]. On the other hand, the migrating defects can
also form defect clusters or secondary phases containing the implanted ions.
In this section, the healing effect of thermal annealing on Raman spectra is studied, using
again the example of Ar-irradiated ZnO single crystals. With thermal annealing, both a
recovery of the ZnO crystal quality in the implanted layer isachieved and the transparency
of the layer is increased, causing more Raman signal to originate from the underlying intact
ZnO bulk. Therefore, no attempt is made to evaluate the annealing-induced lattice recovery
from the Raman spectra quantitatively. For the Ar-irradiated samples, post-implantation
annealing was performed for 15 to 30 minutes at various temperatures from 100◦C to 700
◦C in air. In Figure 4.6a, the Raman spectra of Ar-irradiated ZnO (12.6 x1016 cm−2) are
shown after different annealing steps. It can be seen that annealing at 100◦C for 15 min
has no substantial healing effect. But already annealing at 300 ◦C for 15 min heals most of
the Ar irradiation damage, reflected in an intensity reduction of the disorder band peaking
at about 576 cm−1. For lower Ar doses, already thermal annealing with 500◦C for 15 min
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completely heals the crystal disorder within the sensitivity of the applied Raman method,
as shown in Figure 4.6b. The spectrum of the 500◦C annealed sample and the pure ZnO
sample concur and no further improvement is observed for an additional 700◦C annealing
step of 30 min. Normally, thermal annealing at approximately 2/3 of the melting tempera-
ture (Tmelt = 1975◦C for ZnO) is required to heal the complete damage in semiconductors
after heavy ion bombardment [Kucheyev 2001, Kucheyev 2006]. Here, substantial healing
occurs already for significantly lower temperatures, starting from 300◦C. One probable
reason is the reported damage-induced reduction of the thermal stability specific to ZnO
[Kucheyev 2006].

The disorder effects in the implanted systems of chapters 5 and 6 are generally stronger
than the effect observed for Ar irradiation. In particular,the implanted ions induce strong
impurity effects: Additional Raman modes by secondary phaseformation and by impurity-
activated silent modes are observed for TM-alloyed and nitrogen-doped ZnO crystals, re-
spectively. Furthermore, the well-defined orientation of the ZnO host crystals can be lo-
cally distorted upon heavy implantation and symmetry-forbidden TO phonon modes can
occur. The required annealing temperature depends not onlyon the disorder induced by
the irradiation, i.e. on ion mass, dose, and energy, but alsoon the chemical properties of
the respective elements [Chen 2006]. For high implantation doses, secondary phase segre-
gation is induced by thermal annealing in TM-implanted ZnO,see chapter 5. As will be
shown, the formation of oxide secondary phases is favored byannealing in air.

4.2 ZnO nanoparticles

The ZnO nanostructures studied for this thesis show severalsize-related Raman scattering
characteristics. Some of them can be observed in the Raman spectra of wet-chemically
synthesized nanorods deposited on ZnO substrate, as shown in Figure 4.7. Because the
deposited nanorods have random orientation, no defined scattering configuration can be
achieved. Therefore, the observed Raman modes with high intensity include the E2(high)-
E2(low) at about 330 cm−1, the A1(TO) at about 378 cm−1, the E1(TO) at about 410 cm−1,
and the E2(high) at about 437 cm−1. A mode with small intensity occurs in the LO phonon
region at about 581 cm−1. This frequency is between the above observed bulk values of
the A1(LO) mode at about 577 cm−1 and the E1(LO) mode at about 588 cm−1. The feature
can be attributed to a quasi-LO mode, which is a mixed symmetry mode due to phonons
propagating between the a-axis and the c-axis [Bergman 1999,Loudon 1964], see subsec-
tion 3.1.2. If a nanocrystalline ensemble exhibits a preferential orientation, this is reflected
in the frequency value of this quasi-LO mode [Bergman 2005]. For a pure random orien-
tation of ZnO crystallites, Bergman et al. calculated the frequency of the quasi-LO mode
as 580 cm−1, which is in good agreement with the observed value in the nanorod spectrum
of about 581 cm−1. The growth of such nano-sized crystallites usually leads to a reduced
structural quality. Consequently, the quasi-LO is intensified in the Raman spectrum by
the same mechanism as discussed for the A1(LO) mode in disordered ZnO in section 4.1.
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This effect is not strong for the studied ZnO nanorods, reflecting a comparatively good
crystalline quality.
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Figure 4.7: (a) Raman spectra of wet-chemically synthesized ZnO nanorods (excitation:
λ = 514.5 nm). Besides the ZnO phonon modes, also molecular vibrations of the organic
ligands are observed.(b) Raman spectra of (a) shown in the low-frequency region. The
Raman feature at about 581 cm−1 is attributed to the quasi-LO mode reflecting the random
orientation of the nanorods.

Additional Raman modes are observed at about 750 cm−1 to 800 cm−1 and at about 970
cm−1 in Figure 4.7. These modes correspond to vibrations of organic molecules, which are
generally used as the stabilizers of nanocrystals grown in wet-chemical syntheses. Such
organic ligands are much more sensitive to temperature effects than the ZnO crystallites. In
addition, ZnO nanocrystals exhibit a strongly reduced heatconduction compared to bulk
material. Therefore, laser-induced temperature effects play an important role in Raman
scattering experiments of ZnO nanosystems with organic ligands. Moreover, also the ZnO
phonons are affected by local heating due to thermal expansion and anharmonic phonon
coupling [Alim 2005/1, Alim 2005/2]. Such local heating effects are especially strong
in micro-Raman scattering experiments, as conducted for this thesis, because the focused
laser spot leads to an increased laser power density.
As a direct size effect, optical phonon confinement was reported for nanostructured ZnO
[Fonoberov 2004, Rajalakshmi 2000]. No confinement effects are observed in the Raman
spectra of the ZnO nanorods in Figure 4.7 compared to the bulkvalues. However, the
average crystallite size of this nanorod ensemble was not analyzed and, therefore, the con-
finement effect is studied in more detail on wet-chemically synthesized ZnO nanoparticles
with well-defined size and structural properties.

The ZnO nanoparticles were grown using a newly developed wet-chemical synthesis pro-
cedure [Chory 2007]. Besides controlled particle size and optimized structural properties
of the ZnO nanoparticles, the objective of this synthesis was to obtain large amounts of
pure, nanocrystalline powder.
In the following, the used synthesis is shortly outlined using the example of acetate-
stabilized ZnO nanoparticles. As precursor material, zincacetate dihydrate Zn(OAc)2 is
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dissolved in ethanol and stirred. Step by step, the base tetramethylammonium hydrox-
ide (TMAH) is added in order to bind by-products of the ZnO cluster formation. Finally,
the nanoparticles are precipitated by the addition of hexane, centrifuged, and dried in a
desiccator. For the growth of ZnO nanoparticles capped withanother organic ligand than
acetate, the synthesis is modified by adding the corresponding ligand material before the
addition of TMAH. Further synthesis details are provided in[Chory 2007].
In a first synthesis series, different growth parameters andstabilizing molecules were ana-
lyzed [Chory 2007]. Detailed structural investigations of such nanoparticle systems based
on X-ray powder data are reported, using different approaches: via the Debye equation
[Kumpf 2005], via the pair distribution function [Neder 2005], and by an explicit model-
ing of the nanoparticles [Niederdraenk 2007]. For the nanoparticles studied in this thesis,
characterization by these XRD methods revealed high stacking fault densities and a size-
dependent anisotropic shape [Chory 2007, Neder 2007, Niederdraenk 2007]. The experi-
mental details of the XRD measurements mentioned in this section can be found in [Chory
2007, Neder 2007].
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Figure 4.8: Raman spectrum of acetate-capped ZnO nanoparticles with an average diam-
eter of about 12 nm (excitation:λ = 457.9 nm). ZnO phonon modes as well as molecular
vibrations of the organic ligands are observed. The inset shows the structural formula of
the added stabilizer material.

Figure 4.8 shows the Raman spectrum of acetate-capped ZnO nanoparticles, which
were grown according to the synthesis described above. XRD analysis revealed an average
particle size of about 12 nm and an ellipsoidal shape for these crystallites [Chory 2007]. In
the lower-wavenumber region, characteristic ZnO phonon modes are observed: E2(high)-
E2(low) at about 333 cm−1, E2(high) at about 437 cm−1, and quasi-LO at about 580 cm−1.
The vibrational frequency of the quasi-LO mode correspondsto a random orientation of
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the nanoparticles [Bergman 2005]. Its rather strong intensity indicates a reduced crystal
quality, which is in accordance with the high stacking faultdensity deduced from XRD.
However, the intensity of the quasi-LO mode is intensified byresonance effects in addi-
tion, as the spectrum was recorded with the blue 457.9 nm lineof the Ar ion laser. The
positions of the E2(high) mode and the E2(high)-E2(low) mode agree well with the values
of bulk ZnO in section 4.1. No peak shifting due to size effects is observed. In addition to
the ZnO phonon modes, molecular vibrations of the organic ligands occur between about
750 cm−1 and 3100 cm−1. Important organic vibrations are C-C stretching and C-H bend-
ing modes, with frequencies between about 1400 cm−1 and 1500 cm−1, and C-H stretching
modes between about 2800 cm−1 and 3100 cm−1. By comparison of the observed molec-
ular vibrations with the vibrations of the pure ligand molecules, not all vibrations can be
attributed to the acetate ligand, but a mixture of differentmolecules is required to account
for the observed Raman features. In particular, vibrations of TMAH are observed in many
spectra of the nanoparticles grown with this synthesis, independent from the used stabi-
lizing molecules [Raskin 2008]. While this does not necessarily affect the quality of the
nanoparticle cores, i.e. the ZnO crystallites, this findingis important for systems where the
ligand properties are crucial. This is the case, for example, if the toxicity of the particles
plays a major role or if nanoparticles shall be grown which are solely capped with specific
functional ligands. An example for such a case is discussed in the following.

To obtain nanoparticles capped with functional ligands, the synthesis described above
was modified by the addition of the dye molecule oracet blue asstabilizer before TMAH
was added. The structural formula of oracet blue is shown as inset in Figure 4.9a. The
Raman spectra of this sample show no vibrations which could beattributed to TMAH
molecules and, in addition, FT-NIR Raman experiments indicate the attachment of oracet
blue molecules as major ligands [Schumm 2005]. Comparable dye-capped nanoparticles
are already used as markers in biology and medicine. For suchapplications, it is crucial
that the particles are stabilized by the intended ligands, and not by a mixture of several
synthesis by-products. Figure 4.9a shows two Raman spectra of the oracet-blue-capped
ZnO nanoparticles. These spectra are the first and the last spectrum of a series of con-
secutively registered Raman spectra during an experiment with varying laser power. This
experiment was conducted with the 457 nm laser line of the Ar ion laser. To study the
contribution of local heating, the laser power density was gradually tuned from 600 kW
cm−2 at the beginning of the experiment to 300 kW cm−2 at the end of the experiment over
24 minutes. The Raman spectrum taken at the beginning of the experiments shows a very
intense quasi-LO mode corresponding to strong structural disorder in the nanocrystalline
core of the particles. In contrast, the intensity of the quasi-LO mode is strongly reduced
at the end of the experiment, what indicates a strongly enhanced structural quality. This
healing effect is attributed to laser-induced annealing ofthe particles. By Raman spectra
taken at the same spot of the powder sample, but several minutes after the experiments, the
irreversibility of this effect was confirmed. Due to their small size, such nanoparticle en-
sembles show reduced heat conduction and, in consequence, the laser power densities of up
to 600 kW cm−2 induce high temperatures within the laser spot region. Comparable power
densities led to temperatures of about 700◦C in Raman experiments on nanoparticles of
comparable size [Alim 2005/1, Alim 2005/2]. However, Alim et al. used UV excitation in
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Figure 4.9: (a) Raman spectra of ZnO nanoparticles capped with oracet blue ligands (d≈
12 nm), recorded at the beginning and at the end of a laser-induced annealing experiment
(excitation:λ = 457.9 nm). For comparison, the spectrum of a bulk ZnO singlecrystal is
shown. The structural formula of the stabilizer oracet blue is shown as inset.(b) Raman
spectra of the same nanoparticle sample, taken during the experiment of (a) (excitation:λ
= 457.9 nm).(c) Corresponding red shift of the ZnO E2(high) mode during the experiment.

their experiments, which can be expected to induce very muchstronger local heating than
the 457.9 nm excitation in the transparent regime, which wasused in the above described
experiment. Nevertheless, the local temperature is in a range which was successfully ap-
plied for thermal annealing of bulk ZnO in section 4.1.
Figure 4.9b shows Raman spectra taken during this experiment. The annealing effect is
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strongest in the first half of the experiment, i.e. at higher laser power density. Besides the
intensity ratio quasi-LO/E2(high), also the vibrational frequencies of the phonon modes
change during the experiment. Figure 4.9c shows the red shift of the E2(high) mode com-
pared to the bulk value during the same laser-induced annealing experiment. In the first
three minutes, the red shift increases from about 3 cm−1 to about 5 cm−1. This is at-
tributed to the heating up of the particles at the beginning of the experiment. Consequently,
the reduction of the red shift from about 5 cm−1 to about 1 cm−1 towards the end of the
experiment is attributed to the reduced local heating of thesample due to the decreasing
laser power. Additionally, the structural improvement by the laser-induced annealing could
contribute to a reduction of the red shift. However, the clearly observed heating effect at
the beginning of the experiments indicates that temperature effects dominate the E2(high)
peak shifts. This is in accordance with temperature effectsreported for micro-Raman ex-
periments on ZnO nanoparticles in the literature [Alim 2005/1, Alim 2005/2]. It should
be noted that also ligand effects are expected to play a majorrole in such experiments.
At temperatures of up to 700◦C, most organic ligand molecules are degraded, leading to
proceeding clustering of the nanocrystallites.
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Figure 4.10: (a) Raman spectra of ZnO nanoparticles with average diameters between
about 3.2 nm and 16 nm, capped with various ligands (excitation: λ = 632.8 for the
nanoparticles with d = 3.2 nm,λ = 457.9 nm for the other samples).(b) Raman spec-
tra of ZnO nanoparticles with pentanetrione as stabilizing ligand and average diameters
of about 2.0 nm and 4.7 nm (excitation:λ = 632.8 nm). The stabilizing molecule is shown
as inset. No ZnO phonon modes are observed for these nanoparticle samples.

For the oracet-blue-capped ZnO nanoparticles (d≈ 12 nm), all shifts were explained
by local heating and structural effects. However, optical phonon confinement was reported
for ZnO nanoparticles between 4 nm and 8 nm [Fonoberov 2004, Rajalakshmi 2000].
Figure 4.10 shows the Raman spectra of ZnO nanoparticles withdifferent organic ligands
and average diameters between about 2 nm and 16 nm. The spectra of the nanoparticle
samples with average diameters of about 4.0 nm, 6.2 nm, and 16nm were recorded using
the 457.9 nm laser line of the Ar ion laser. The experiments were conducted at low power
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densities<100 kW cm−2 and with very long integration time in order to avoid temperature
effects due to local heating. These larger particles were grown in the first synthesis series
and characterized in [Chory 2007].
The samples with very small average diameters of about 2.0 nm, 3.2 nm, and 4.7 nm
were grown in a second series. Their growth was still according to the synthesis described
above, but after optimization of growth parameters like time intervals and relative con-
centrations of the used chemicals with regard to a further particle size reduction [Pfeiffer
2007]. Furthermore, XRD experiments were conducted to determine structural properties
and the average size of the particles [Pfeiffer 2007]. The Raman spectra of these nanopar-
ticle samples were recorded at an even lower power density<50 kW cm−2 with the 632.8
nm laser line of a He-Ne laser. Because of this excitation witha laser wavelength in the
red spectral region, the quasi-LO mode is comparatively weak, but it is still observable for
the nanoparticle samples with an average diameter of about 3.2 nm.
Obviously, the ZnO phonon modes have the same vibrational frequencies for all nanopar-
ticle samples shown in Figure 4.10a. In particular, no influence of the average size of the
crystallites or of the stabilizing ligand material on the ZnO modes is observed. The Raman
feature at about 750 cm−1 is attributed to TMAH molecular vibrations. Therefore it can
be stated that TMAH is present as part of the stabilizing organic material for all particle
samples shown in Figure 4.10a.
No ZnO phonon modes could be observed for the even smaller nanoparticles with an aver-
age diameter of about 2 nm in Figure 4.10b, despite the clear signature of ZnO nanocrystal-
lites in XRD experiments. For their growth, the above described synthesis was modified as
follows. The precursor Zn(OAc)2 was dissolved in a ethanol-hexane mixture and the ligand
material 1,5-diphenyl-1,3,5-pentanetrione, referred toas pentanetrione in the following, is
added before the addition of TMAH [Pfeiffer 2007]. With their average diameter of only
about 2.0 nm, these samples are among the smallest ZnO nanocrystallites grown until now.
Several reasons for the absence of ZnO phonon modes in the Raman spectra of the smallest
nanoparticles are conceivable: (i) structural quality: Using a modified Rietveld method, the
smallest nanoparticles were found to show a very high stacking fault density of nearly 20%
[Pfeiffer 2007]. Such a reduced crystal quality could strongly affect the intensity of the
Raman scattering signal. (ii) Chemical environment: The nanoparticles were studied by a
dynamic light scattering (DLS) method, which indicates that the crystallites are incorpo-
rated in an organic matrix [Raskin 2008]. The Raman spectra of the pentanetrione-capped
nanoparticles show no TMAH vibrations and the observed molecular vibrations suggest
pentanetrione as major material within this organic matrix[Raskin 2008]. The quantity
ratio of nanocrystalline ZnO material relative to pentanetrione could not be determined. If
the organic ligands should dominate, the Raman signals of theZnO phonons could be too
weak to be observed against the background of the molecular vibrations. Furthermore, also
the optical properties of the surrounding ligands could affect the Raman scattering signal
from the ZnO nanocrystallites. (iii) Optical phonon confinement: This effect was reported
in the size range between 4 nm and 8 nm [Fonoberov 2004, Rajalakshmi 2000]. How-
ever, a size series (2.0 nm≤ d ≤ 5.5 nm) of ZnO nanoparticles capped with pentanetrione
revealed no ZnO phonons in the Raman spectrum of any sample, independent from the
average diameter. For example, the spectrum of the sample with an average diameter of
about 4.7 nm is shown in the inset of Figure 4.10b. In contrastto the Raman experiments,
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the XRD signature of ZnO nanocrystallites was clearly observed.
In conclusion, no frequency shifts due to optical phonon confinement are observed for the
studied nanoparticle ensembles, even with average diameters down to 3.2 nm, despite the
literature reports of optical phonon confinement effects between 4 nm and 8 nm [Fonoberov
2004, Rajalakshmi 2000]. Nanoparticles capped with pentanetrione were grown with even
smaller diameters down to 2 nm. However, no ZnO phonon modes could be observed in
the corresponding Raman experiments. Their absence is presumably due to the optical
properties of the surrounding organics or caused by the reduced structural quality of these
very small nanocrystallites.
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Chapter 5

Transition-metal-alloyed ZnO

In subsection 3.2.2, theoretical considerations and the experimental situation regarding
ZnO alloyed with transition metals (TM) were presented. Theobjective of such mag-
netic alloying are ZnO-based diluted magnetic semiconductors (DMS), i.e. ZnO systems
with intrinsic ferromagnetic properties due to substitutional incorporation of TM ions on
Zn sites. For these systems, carrier-mediated ferromagnetic interaction of the TM ions is
predicted. A key question is whether intrinsic, carrier-mediated coupling of the TM ions
is responsible for experimentally observed ferromagnetism of ZnO-based DMS, or if the
magnetic properties originate from magnetic secondary phases.
The existence and type of free carriers in ZnO are closely related to its crystal quality
(subsection 3.2.1). Intrinsic defects due to the TM incorporation may further increase the
n-type character of a ZnO host crystal. While there are both theoretical studies requiring
n-type and p-type host ZnO, substitutional TM incorporation on Zn sites and a high crystal
quality are required in any case. Hence, understanding the exact incorporation behavior of
the TM ions and their impact on the ZnO wurtzite crystal structure is crucial for the desired
magnetic properties. The objective of the experiments presented in this chapter is to get in-
formation about the position of the TM ions within the ZnO host lattice, about the possible
formation of TM-related precipitates, and about the impactof the impurity incorporation
on the ZnO crystal quality.
Raman scattering proves to be an excellent method for such investigations. Decreased
crystal quality of ZnO is reflected in its Raman spectra by peakbroadening, peak shifts,
and by the relaxation of symmetry selection rules. Substitutional TM incorporation, on
the other hand, may be detectable via specific impurity vibrations. In addition, Raman
spectroscopy offers a high potential for detecting secondary phases by their characteristic
vibrational eigenmodes. Furthermore, using the micro-Raman technique, the local distri-
bution of such secondary phases can be studied by lateral mapping with µm resolution
over the surface. Thus, very small and localized segregations can be observed (subsection
2.2.2). Such precipitates may be invisible for other methods (e.g. conventional XRD), but
still can have a significant impact on the magnetic properties of such systems. This is not
sufficiently considered in many ZnO:TM-related publications. Often, the magnetic proper-
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ties of these systems are ascribed to a successful realization of a ZnO-based DMS. In many
studies, however, the exclusion of secondary phases is solely based on conventional XRD
results or on other methods which are not able to detect smalland only local precipitates.
The sensitivity advantages of the Raman method can be attributed to its local probe char-
acter in contrast to the long-range correlation requirement of interference based methods.
This advantage was confirmed in a direct comparison of Raman scattering and XRD on
Co-alloyed ZnO [Wang 2007]. As a further example, ferromagnetism in Cu-alloyed ZnO
was identified as extrinsic due to CuO inclusions detected by Raman scattering [Sudakar
2007]. In contrast, they were invisible for XRD and HRTEM (high-resolution transmission
electron microscopy) at concentrations<3%. The basics of Raman spectroscopy and the
experimental Raman setups used for this chapter are presented in chapter 2 and Raman
scattering on ZnO is discussed in detail in subsection 3.1.2.
Despite the advantages of Raman spectroscopy for the structural study of transition metal
incorporation in ZnO, further experimental methods are clearly required to complement
the Raman scattering results. For this thesis, additional experiments included for example
XRD and HRTEM. For some samples, direct access to magnetic properties was provided
by MOKE (magneto-optical Kerr effect), SQUID (super-conducting quantum interference
device), and EPR (electron paramagnetic resonance) measurements. Such magnetic re-
sults are not in the focus of this thesis, but are still included in the discussion. Indirect
access to the magnetic properties was possible by the identification of secondary phases
with well-known magnetic properties, especially elemental TM clusters and TM oxides.
Experimental details for the complementing methods are provided together with the corre-
sponding results.
The TM-alloyed ZnO samples presented in this chapter were fabricated by vapor phase
transport (Mn, Co), ion implantation of hydrothermally grown crystals (V, Mn, Fe, Co, Ni),
molecular beam epitaxy (Co), dip-coating (Co), and wet-chemical synthesis (Mn). They
possess varying TM concentrations between 0.2 at.% and 32 at.% relative to Zn. None of
the studied samples were doped in addition to the magnetic alloying. Hence, they are ex-
pected to be n-type. While for such systems the theory by Dietlet al. is not applicable [Dietl
2000], ferromagnetism may be possible according to the works of Sato et al. and Coey et al.
[Coey 2005, Sato 2001, Sato 2002], see subsection 3.2.2. Among the different fabrication
processes, the series of TM-ion-implanted ZnO comes with several advantages. Within
this thesis, it provides the highest variety of different TMelements. Furthermore, the TM
concentration is controllable, and the orientation of the hydrothermally grown ZnO host
crystals is well-defined ((0001)-face). On the other hand, the irradiation damage caused
by the ion implantation must be healed by subsequent thermaltreatment. The effect of
ion implantation on ZnO was already presented in section 4.1.1, using the example of Ar
irradiation. Consequently, in section 5.1 only the implantation and thermal healing effects
characteristic for the studied TM ions are presented.
Among the sections 5.2 to 5.6, the results are arranged by theTM elements Mn, Co, Fe, Ni,
and V, respectively. Nanostructured systems were studied for Mn- and Co-alloyed ZnO,
see subsections 5.2.3 and 5.3.3. Section 5.7 finally concludes the results on the TM-alloyed
ZnO systems.
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Figure 5.1: In the Raman spectra of(a) Ar- and Fe-, and(b) Mn-implanted ZnO crystals,
the implantation damage is reflected, depending on the implantation concentration and on
the implanted material (excitation:λ = 514.5 nm). The spectra were recorded before any
thermal treatment was applied.

5.1 Effect of transition metal implantation on ZnO

The irradiation effect of ion implantation on a ZnO host crystal was already discussed in
section 4.1.1 for Ar ions. In this section, the implantationof various TM ions is studied
using micro-Raman spectroscopy. Commercially available ZnOsingle crystals (CrysTec,
Berlin) were implanted at room temperature with V, Mn, Fe, Co, and Ni ions, yielding
TM concentrations between 0.2 at.% and 32 at.% relative to Zn. The focus here lies on the
samples with concentrations≥8 at.% and especially high implantation damage, as reported
in [Schumm 2008/2]. For each implantation process, a combination of up to 5 different ion
energies (50-450 keV) was chosen in order to achieve a box-like implantation profile with
a resulting layer thickness of about 300 nm [Ziegler 1985]. For comparison, a reference
sample was prepared by irradiation of Ar to study the irradiation damage without the ad-
ditional effect of residual TM impurities. For this irradiation, the energies and the fluence
of 16 at.% Fe-implanted ZnO were taken and its concentrationis labeled with 16* at.%.
Note that this Ar sample corresponds to the Ar-irradiated ZnO crystal with a fluence of
12.6 x1016 cm−2 in subsection 4.1.1.
There are several Raman spectroscopic studies on implanted ZnO in the literature, e.g.
[Chen 2005, Chen 2006, Jeong 2004, Reuss 2004]. Only few works deal with TM-
implanted ZnO, most of them with Mn implantation [Mofor 2006, Schumm 2008/1, Ven-
kataraj 2007, Zhong 2006]. In contrast, there are no Raman studies reported so far on Fe-,
Co-, or Ni-implanted ZnO.
In the Raman spectra of the TM-implanted samples (e.g. Fe and Mn in Figure 5.1), a very
broad and intensive signal in the A1(LO) mode region occurs, in contrast to the pure ZnO.
This signal corresponds to a disorder-intensified and -broadened A1(LO) mode as identi-
fied in section 4.1.1. The mass of the implanted ions plays theexpected major role, as seen
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by a comparison between Fe-implanted and Ar-irradiated ZnOin Figure 5.1a. There is less
damage caused by the irradiation of the lighter and chemically inert Ar ions. Ni and Co
implantations show a similar impact on the Raman spectra as inthe case of Fe, what can be
expected due to the similar mass of the TM ions. In contrast, an especially large effect can
be observed for Mn-implanted ZnO in Figure 5.1b: The E2(high) mode is not clearly de-
fined, but only visible as a shoulder of the dominating A1(LO) disorder band. The different
implantation effect on the Raman spectra in the case of Mn compared to the other TM ions
can not be due to its mass. The micro-Raman setups used for thisthesis have depth of field
values from 5µm to 10µm. Thus, for pure and therefore transparent ZnO, one accumu-
lates the signal from someµm depth. Typically, in the implanted case with an implantation
depth of some 100 nm, Raman signal is detected both from the implanted layer and the
intact crystal below. In the case of more heavily implanted ZnO, the implanted layers show
a strongly reduced transparency, dependent on the implantation material. In such a case,
the Raman signal originates mainly or solely from the implanted layer. It was found that
the light absorption of Mn-alloyed ZnO is considerably higher than in other TM-alloyed
ZnO systems [Jin 2000, Polyakov 2003]. Therefore, the strong occurrence of the disorder
band reflects the higher absorption of the Mn-implanted layer.
On the other hand, the appearance of the broad A1(LO) signal, even for all 32 at.% TM-
implanted ZnO samples, indicates that the ZnO crystal structure is strongly damaged, but
still retains its wurtzite lattice character despite the high implantation dose. This can be
attributed to the strong influence of dynamic annealing in ZnO (see section 4.1.1).
Thermal treatment was used to improve the crystalline quality of the TM-implanted sys-
tems and to support substitutional incorporation of the implanted species on the appropriate
lattice sites. Here, the commonly used method of annealing in air is applied. Note that this
process, in contrast to vacuum annealing, favors the formation of TM oxide secondary
phases [Thakur 2007]. With thermal annealing, not only a recovery of the ZnO crystal
quality in the implanted layer is achieved, but also the transparency of the layer is in-
creased. This causes more Raman signal to originate from the underlying intact ZnO bulk.
Thus, no attempt will be made for a quantitative evaluation of the annealing-induced lattice
recovery from the Raman spectra.

ZnO impl. with 100◦C 300◦C 500◦C 700◦C

Ar 15 min 15 min 15 min 30 min
Mn 15 min 15 min 15 min 15 min
Fe 15 min 15 min 15 min 30 min
Co - - - 30 min
Ni - - 15 min 30 min

Table 5.1: Applied annealing steps for the TM-implanted samples with TMconcentrations
≥8 at.%.

Post-implantation annealing was performed at various temperatures from 100◦C to
700 ◦C in air for 15 to 30 minutes. The exact annealing steps are displayed in Table 5.1.
In Figure 5.2, the Raman spectra of Ar-irradiated as well as Mn- and Fe-implanted ZnO
crystals are shown after different annealing steps. As discussed in section 4.1.1, annealing
at 100◦C has no substantial healing effect, but already annealing at 300 ◦C heals most of
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the damage in the case of Ar, see Figure 5.2a. For the TM ions Fe, Co, and Ni, a healing
effect beginning from 300◦C was observed for all concentrations. With 500◦C annealing,
the damage was further decreased, but still not completely healed. In the case of the 32 at.%
Mn-implanted sample in Figure 5.2b, no healing effect was visible in the Raman spectra at
all due to the high absorption of the implanted layer. Hence,thermal treatment at higher
temperatures was found to be necessary.
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Figure 5.2: The effect of thermal annealing on the Raman spectra of Ar-irradiated as well
as Fe- and Mn-implanted ZnO for temperatures up to 500◦C: (a) pure ZnO and 16* at.%
Ar-irradiated ZnO, see also Figure 4.6,(b) 24 at.% and 32 at.% Mn-implanted ZnO,(c) 16
at.% Fe-implanted ZnO (excitation:λ = 514.5 nm).

There are several studies which try to determine the optimalannealing temperature for
TM-implanted ZnO. For example, an almost perfect substitutional incorporation of Fe at Zn
sites after vacuum annealing at 800◦C was detected in emission channeling experiments
[Rita 2004]. For higher temperatures of 900◦C to 1000◦C, the fraction of Fe ions on
Zn sites was considerably reduced due to thermally induced surface defects, stronger Fe
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diffusion, and Fe cluster formation [Rita 2004]. In a study ofMn-implanted ZnO, annealing
of Zn interstitials and other implantation-produced defects was optimal between 800◦C
and 1000◦C (in air), but also strong diffusion of the implanted Mn ionswas observed
between 700◦C and 900◦C [Sonder 1988]. Therefore, besides the healing effect, also
precipitation of a secondary phase involving the implantedTM ions may be supported by
thermal treatment. A moderate maximum temperature of 700◦C is chosen in the following
sections for annealing of the TM-implanted samples with concentrations≥8 at.%. At this
temperature, further healing of the implantation damage isachieved, but one must also
check for the onset of secondary phase formation [Schumm 2008/2].

5.2 Manganese-alloyed ZnO

For this thesis, hydrothermally grown ZnO host crystals were implanted with Mn to ob-
tain Zn1−xMnxO with 0.2 at.%≤ x ≤ 32 at.%. For implantation details, see subsection
4.1.1 and section 5.1. This Mn-implanted series is complemented by polycrystalline bulk
ZnMnO, fabricated via a vapor phase transport (VPT) technique, and by wet-chemically
synthesized ZnMnO nanoparticles. Table 5.2 gives an overview of all studied ZnMnO
samples. Subsection 5.2.1 focuses on the structural impactof Mn impurity incorporation
with concentrations≤8 at.%, while for increasing concentrations, secondary phase forma-
tion becomes more and more important, see subsection 5.2.2.In subsection 5.2.3, finally,
results on Mn-alloyed ZnO nanoparticles are presented.

Mn-alloyed ZnO Fabrication Mn concentration

layers hydrothermally grown ZnO impl. with Mn 0.2-32 at.%
polycrys. bulk vapor phase transport < 4 at.%
nanoparticles wet-chemical synthesis < 2 at.%

Table 5.2: Overview of the Mn-alloyed ZnO samples presented in this thesis.

5.2.1 Zn1−xMnxO bulk and layers with concentrations≤8 at.%

There are numerous reports on Raman spectroscopic studies ofZn1−xMnxO with a con-
centration≤8 at.%, e.g. [Alaria 2005, Alaria 2006, Cong 2006, Gebicki 2005, Jouanne
2006, Phan 2007, Samanta 2007, Sato-Berru 2007, Wang 2005, Wang 2006/1, Xu 2006,
Yang 2005]. Only few of them deal with Mn-implanted ZnO [Venkataraj 2007, Wang
2006/2, Zhong 2006]. Most of the Raman peaks reported for Zn1−xMnxO directly reflect
the wurtzite lattice vibration modes of pure ZnO (subsection 3.1.2). In addition, features
not present in the Raman spectra of pure ZnO occur. The origin of these features, such as
isolated impurity modes, disorder-induced silent modes, or phonon modes by precipitates,
is still controversial. In this subsection, systematic micro-Raman measurements from 10
K to room temperature are presented, using different excitation wavelengths throughout
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the visible spectral range, as reported in [Schumm 2008/1].Besides Raman spectroscopy,
X-ray diffraction (XRD) and transmission electron microscopy (TEM) are applied. Fur-
thermore, the magnetic properties are probed by magnetooptical Kerr effect (MOKE) and
electron paramagnetic resonance (EPR) experiments.

Fluence (cm−2)

Sample 450 keV 300 keV 180 keV 100 keV 50 keV Total Fluence (cm−2)

0.2 at.% 1.40·1015 5.25·1014 3.25·1014 2.13·1014 1.00·1014 2.56·1015

0.8 at.% 5.60·1015 2.10·1015 1.30·1015 8.50·1014 4.00·1014 1.03·1016

2.0 at.% 1.40·1016 5.25·1015 3.25·1015 2.13·1015 1.00·1015 2.56·1016

8.0 at.% 5.60·1016 2.10·1016 1.30·1016 8.50·1015 4.00·1015 1.03·1017

Table 5.3: Energies and fluences during the Mn2+ ion implantation.
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Figure 5.3: Profile of manganese ions implanted in ZnO crystals with a concentration
of 8 at.%,(a) calculated using SRIM/TRIM [Ziegler 1985] and(b) studied by EDX, from
bottom to top: Zn Kα, O Kα, and Mn Kα (spectra have been scaled vertically for clarity).

As mentioned above, commercially available ZnO single crystals (CrysTec, Berlin)
were implanted at room temperature with manganese ions, yielding concentrations of 0.2,
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0.8, 2, and 8 at.% relative to Zn. One reference sample was prepared by the implantation of
Co with exactly the same ion energies and fluence as the 8 at.% Mnsample. In accordance
with subsection 4.1.1 and section 5.1, a box-like implantation profile with a resulting layer
thickness of about 300 nm was achieved by different ion energies (for energies and flu-
ences see Table 5.3). The implantation profile displayed in Figure 5.3a was calculated with
the Monte Carlo program package SRIM/TRIM [Ziegler 1985]. Post-implantation sample
annealing was performed at 700◦C in air for 15 min. For the 8 at.% sample, a second
annealing step, 900◦C in air for 15 min, was applied.
XRD analysis for this subsection was conducted with a SiemensD5000 diffractometer
(Cu-Kα). Cross-section specimens for TEM analysis of the samples were prepared by a
focused ion beam system (Novalab 600, FEI). Standard preparation procedures were used
and finally the electron-transparent specimens were investigated in a high-resolution TEM
Philips system (CM 200-FEG-UT) equipped with energy-dispersive X-ray spectroscopy
(EDX).
EPR experiments were performed at the X band with 9.5 GHz on a Brucker ESP300 spec-
trometer using a microwave power of 2 mW. All data were taken at room temperature with
magnetic field perpendicular to the crystal c-axis. The magnetic properties of the samples
were also measured by the MOKE at room temperature with a linearly polarized He-Ne
laser (632.8 nm) in the longitudinal configuration, probingthe in-plane magnetization with
a maximal field of 0.15 T. For the Raman measurements, both micro-Raman setups intro-
duced in section 2.2 were used.

Figure 5.4: (a) Cross-section TEM and(b) HRTEM images of 8 at.% Mn-implanted ZnO.

Structural and magnetic characterization

XRD measurements show no new diffraction peaks for the Mn-implanted samples com-
pared to the ZnO reference sample (not shown). Hence, withinthe sensitivity level of the
XRD experiments, no clusters or other phases than ZnO have been formed upon the Mn
implantation process or subsequent annealing. However, the (0002) diffraction of the ZnO
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crystal reveals a slight broadening, especially in the 8 at.% Mn sample, but no shift of this
diffraction peak is observed. The high implantation flux leads to a high defect density,
resulting in a locally distorted lattice and the broadened XRD peak.
The conducted TEM experiments confirm the assumption that nosecondary phases have
been created during ion implantation and subsequent annealing. Figure 5.4a and Figure
5.4b show the representative cross-section and the high-resolution TEM, respectively, of
the sample implanted with the highest concentration of 8 at.%. The images demonstrate
the presence of defects, seen by the strong variation of the contrast, but also the intact ZnO
crystal lattice. Despite the investigation of large areas within the implanted region, no indi-
cation for additional Mn-Zn-O phases was found. EDX experiments confirm the calculated
implantation profile (Figure 5.3). Slight differences in the implantation depth between the
theoretical calculation and the experimental results may be due to limited depth calibration
accuracy of the EDX setup. MOKE results reveal a weak paramagnetic signal at room
temperature for the sample implanted with the highest ion fluence.
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Figure 5.5: EPR spectra of 8 at.% Mn-implanted ZnO: fine structure (blackline) and
broad background signal (red line).

To get information about oxidation state and site occupancyof the Mn ions in the ZnO
lattice, EPR measurements were conducted after the 700◦C annealing step. As the number
of unpaired electrons is different for different oxidationstates, they can be distinguished
in the EPR spectra. Figure 5.5 shows the EPR signal for the 8 at.% Mn-implanted ZnO
sample. A broad signal (red line in the figure) is superimposed by many narrow lines with
a sextet having highest intensity. Similar EPR spectra havealready been analyzed in detail
[Schneider 1962/1, Schneider 1962/2]. The electronic configuration of the Mn2+ ion corre-
sponding to its half-filled d-shell is 3d5 with spin S = 5/2. The only natural isotope is55Mn
with nuclear spin I = 5/2. The resonance of an isolated Mn2+ ion located substitutionally
on a Zn site in the hexagonal ZnO crystal is described by the following spin Hamiltonian:
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In Mn-alloyed ZnO with low Mn concentration (< 0.2 at.%), an isotropic Zeeman
interaction (first term), a hyperfine interaction (last term), and a fine structure splitting
(second and third term) are observed [Zhou 2003]. This signature, corresponding to Mn2+

ions located on Zn lattice sites, occurs already in the EPR spectra of the untreated ZnO
crystals. Therefore, it can be stated that the ZnO crystals contain Mn2+ ions already as
residual impurities, though with a concentration as low as about 1017 cm−3. This Mn con-
centration is below the sensitivity limit of the Raman scattering method. For increased
Mn concentrations (here, by implantation), an antiferromagnetic dipole-dipole interaction
between substitutional Mn2+ ions occurs and the fine structure vanishes, which results ina
broad, unstructured signal [Borse 1999, Zhou 2003, Zhou 2006]. Such a broad background
signal is observed in the EPR spectra of the Mn-implanted ZnOfor higher Mn concentra-
tions (red line in the EPR spectra of 8 at.% Mn-implanted ZnO in Figure 5.5), caused by
dipole-dipole interaction of the closely spaced Mn ions within the implanted layer. Thus,
the total EPR spectrum consists of a fine-structured contribution by isolated, substitutional
Mn2+ ions in the substrate and a broadened, unstructured signal from dipole-interacting,
substitutional Mn2+ ions in the implanted layer.
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Figure 5.6: Photoluminescence spectra of different ZnO host crystals due to transitions
of residual Fe3+ impurities on Zn sites (excitation:λ = 457.9 nm, T< 10 K). Inset: EPR
spectrum of 0.8 at.% Mn-implanted ZnO with additional features assigned to the residual
Fe impurities as well.
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In the EPR spectra of the Mn-implanted ZnO crystals, additional signals were observed,
which can be assigned to residual Fe impurities in the host crystals (inset in Figure 5.6).
The intensity of these Fe impurity signals varied from sample to sample. Furthermore,
during low temperature Raman experiments with the 457.9 nm line of the Ar ion laser
as excitation, a structured luminescence was observed in the wavelength region between
about 690 nm and 700 nm. As shown in Figure 5.6 for Ar irradiation as well as Mn and
Ni implantation, this luminescence is not related to the implanted ions and was observed
for all host crystals of this series. The luminescence between 1.75 eV and 1.80 eV can
be identified as transitions of isolated Fe3+ ions on Zn2+ sites in the ZnO wurtzite lattice
[Heitz 1992]. It was observed before in pure ZnO with residual Fe impurities as well as in
Fe-implanted ZnO [Heitz 1992, Monteiro 2003]. Thus, besides the residual Mn impurities
observed by EPR, also Fe impurities could be identified in the host crystals. In the series
used for this thesis, however, the impurity concentration was very low, particularly, it was
below the Raman spectroscopy sensitivity limit for such isolated ions. Nevertheless, for
CrysTec crystals, which are widespread among the ZnO community, the residual impurities
must be taken into account when conducting sensitive experiments.
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Figure 5.7: Raman spectra of pure ZnO, 8 at.% Co, and 8 at.% Mn-implanted ZnO after
700◦C annealing (excitation:λ = 514.5 nm). The two-shoulder Raman signature between
500 cm−1 and 600 cm−1 is characteristic for Mn-alloyed ZnO.

Mn-related additional modes: radiation damage, impurity-induced disorder, and
isolated impurity modes

Figure 5.7 shows the Raman spectra of pure ZnO and ZnO implanted with 8 at.% Mn,
compared to ZnO implanted with 8 at.% Co. In addition to the ZnOE2(high) mode, the
main new features in the spectra of the ZnO:TM samples are observed in the range of 500-
600 cm−1. In the case of the Co-implanted sample, a broad signal occursat about 575
cm−1. It can be assigned to the A1(LO) mode of pure ZnO, intensified and broadened by
TM-implantation-induced disorder (see subsection 4.1.1). In the case of the Mn-implanted
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Figure 5.8: Raman spectra of 0.2, 0.8, 2.0, and 8.0 at.% Mn-implanted ZnOafter 700◦C
annealing, normalized to the E2(high) mode (excitation:λ = 514.5 nm). The intensity of
the broad band between 500 cm−1 and 600 cm−1 scales with the Mn concentration. The
inset shows the intensity ratio IA1(LO)/IE2(high) versus the Mn concentration.

sample, an additional shoulder is visible in this region at lower wavenumbers, controver-
sially discussed in the literature as partly or completely disorder related [see literature
references concerning Raman scattering on ZnMnO above]. As shown in Figure 5.8, the
intensity of the Raman signal in the range of 500-600 cm−1 is directly correlated with the
Mn concentration. As will be shown below, two mechanisms participate in this effect.
Firstly, the disorder generated by the radiation damage of the implantation process is of
course higher for higher implantation concentrations. Secondly, the higher concentration
of Mn ions in the ZnO crystal can induce impurity modes or disorder. Even if perfectly
incorporated on Zn sites, the Mn ions induce disorder, inherent to the mixture of Zn and
Mn on the cation sublattice. Besides the increased intensityof the phonon features and a
pronounced peak broadening in Figure 5.8 for increasing concentration, there occurs also
a rise of the background between 300 cm−1 and 700 cm−1. It is especially obvious by
comparison of the 4 at.% and the 8 at.% samples in the spectralregion between 450 cm−1

and 500 cm−1. Accordingly, the phonon density of states has a maximum in this region
(subsection 3.1.2).

To evaluate the different contributions to the broad band inthe Raman spectra, reso-
nance measurements were conducted, using laser excitationwavelengths from 632.8 nm
(1.96 eV) to 457.9 nm (2.71 eV). If the energy of the exciting laser approaches the energy
of the ZnO band gap (3.4 eV or 365 nm), resonance effects occurin the Raman spectra
of ZnO (see subsection 2.1.2 and section 4.1). In resonance Raman studies of pure, or-
dered ZnO and with excitation wavelengths between 457.9 nm and 647.1 nm, the strongest
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Figure 5.9: (a) Resonance effect in the Raman spectra of 8 at.% Mn-implantedZnO after
700 ◦C annealing. The spectra were normalized to the E2(high) mode. Excitation from
bottom to top:λ = 632.8, 514.5, 496.5, and 457.9 nm.(b) Resonance effect in the Raman
spectra of polycrystalline bulk ZnMnO with 4 at.% Mn. Excitation: λ = 632.8 (red curve),
514.5 (green curve), and 457.9 nm (blue curves). The resonance predominantly affects the
LO and the 2xLO regions.

resonant enhancement was observed for the LO and the 2xLO region [Calleja 1977]. As
discussed in subsection 2.3.2, the scattering cross section of LO phonon modes is affected
by both deformation potential and Fröhlich scattering. The generally weak occurrence of
the LO modes in Raman experiments far from the resonance can beattributed to the fact
that these two mechanisms nearly neutralize each other [Calleja 1977]. When the excitation
approaches the band gap energy, however, the strong LO resonance is mainly driven by the
Fröhlich interaction of free excitons and zone center phonons, while the less pronounced
TO resonance is due to interaction with continuum electron-hole states via a deformation
potential [Scott 1969]. If the exciting light is exactly in resonance, the signal of the LO
region and its overtones solely dominate the spectra [Bergman 2005, Scott 1970]. For de-
creasing laser wavelengths, a particularly strong rise is observed for the relative intensity of
the broad band in the LO region (Figure 5.9a). This resonanceeffect can be explained by
impurity-induced enhancement of the Fröhlich scattering. The Fröhlich interaction mech-
anisms under influence of impurities are described in [Kauschke 1987]. In Figure 5.9b, the
according resonance effect of the LO and 2xLO region is shownfor a polycrystalline, bulk
ZnMnO sample. The impurity-induced resonance effect appears even stronger because no
pure ZnO substrate can participate to the Raman spectra. In summary, the resonance results
support the hypothesis that, besides the radiation damage effect, the Mn impurities play a
major role in the formation of this broad band in ZnMnO.

The above-mentioned two shoulder structure within the broad band between 500 and
600 cm−1 can be identified in all spectra of the annealed Mn-implantedZnO samples. The
right shoulder at about 575 cm−1 is seen in ZnO:TM for many different TM ions and can
be assigned to the disorder-increased A1(LO) mode. The results for V-, Fe-, Ni-, and Co-
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Figure 5.10: (a) Raman spectra of pure ZnO, 0.2 at.%, and 0.8 at.% Mn-implanted ZnO
after 700◦C annealing, normalized to the E2(high) mode (excitation:λ = 514.5 nm for
Mn-implanted ZnO andλ = 632.8 nm for pure ZnO). Due to the low Mn concentration,
several features are resolved between 500 cm−1 and 750 cm−1. (b) Raman spectra of
pure ZnO, 8 at.% Mn-implanted ZnO after 700◦C annealing, bulk Zn0.95Co0.05O, and
bulk Zn0.96Mn0.04O (excitation:λ = 514.5 nm). The additional left shoulder is specific to
Mn-alloyed ZnO. In the spectrum of the bulk ZnMnO sample, two features can be clearly
observed within this shoulder.

alloyed ZnO also confirm this behavior, see for example the Co-implanted reference sample
in Figure 5.7 or sections 5.3 to 5.6. This effect is also seen in other ZnO samples with struc-
tural defects, e.g. in ZnO containing oxygen vacancies [Exarhos 1995] or in the disordered
bulk samples and nanocrystals in chapter 4. Therefore, thisright shoulder is not specific to
Mn incorporation. While there are several Raman features identified for ZnO:TM in this
spectral region, the strong and broad left shoulder at about520-530 cm−1 is not observed
for other TM in ZnO, see [Bundesmann 2003] and sections 5.3 to 5.6, for example. It is not
known as a Raman signal of pure ZnO, either (subsection 3.1.2). Therefore, this feature
can be identified as Mn related. For a more detailed mode discussion of this spectral re-
gion, Figure 5.10a provides the spectra of 0.2 and 0.8 at.% Mn-implanted ZnO after 700◦C
annealing. The low Mn concentration and therefore lower disorder in those samples allow
to resolve separate modes instead of the broad, unresolved band caused by the high phonon
DOS in this region (subsection 3.1.2). The features at about437 cm−1 (labeled a) and 575
cm−1 (labeled e) can be attributed to the modes E2(high) and A1(LO). By comparison to
the modes presented in subsection 3.1.2, the mode at 483 cm−1 (labeled b) can be assigned
to a zone-boundary multi-phonon process of ZnO. Furthermore, all features registered be-
tween 600 and 825 cm−1, i.e. (f)-(k) in Figure 5.10a, are also seen in the measurements for
the pure ZnO substrate. They can therefore be explained by Raman-active multi-phonon
modes of pure ZnO. Some of these multi-phonon modes have a stronger intensity in the
Mn-implanted samples than in pure ZnO due to disorder effects and impurity induced res-
onance. There are two more modes visible in 5.10a: at about 519 and 537 cm−1, denoted
by c and d, respectively. Both of these modes have been assigned to local vibration modes
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Figure 5.11: Raman spectra of bulk, polycrystalline Zn0.97Co0.03O, Zn0.96Mn0.04O, and
ZnO (excitation:λ = 514.5 nm). The additional mode (labeled AM) is clearly seenin this
spectrum of Mn-alloyed ZnO in contrast to polycrystalline pure and Co-alloyed ZnO.

(isolated impurity modes) in the literature before [see references given above]. Neverthe-
less, the 537 cm−1 mode also occurs for pure ZnO. In addition, Cusco et al. ascribe this
mode to a 2xB1(low) or, alternatively, to a 2xLA process [Cusco 2007]. According to these
results, only the mode at about 519 cm−1 in these spectra cannot be explained by intrinsic
ZnO modes. Interestingly, this feature significantly increases in intensity with rising Mn
concentration from the 0.2 at.% sample to the 0.8 at.% sample, which suggests a Mn im-
purity mode as origin.
In the following, the implanted layers are compared to the bulk Zn0.96Mn0.04O sample men-
tioned above. This polycrystalline sample was grown by a vapor phase transport method
at about 900◦C [Jouanne 2006]. In contrast to the samples implanted with Mn concen-
trations≤0.8 at.%, not only the 519 cm−1 mode (labeled c in Figure 5.10b), but also a
second additional feature can be identified in the left shoulder at about 527 cm−1 (labeled
x). This additional feature is also indicated for the 8 at.% Mn-implanted ZnO sample. Note
that also in other than the standard backscattering configuration, the additional shoulder is
only present in Mn-alloyed ZnO, as can be seen by a comparisonto polycrystalline bulk
ZnO and ZnCoO samples in Figure 5.11. The different growth process and the high growth
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temperature of the bulk sample may lead to a better substitutional incorporation of the Mn
ions into the ZnO lattice and therefore to the pronounced Mn-related features.
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Figure 5.12: Raman spectra of pure ZnO and 8 at.% Mn-implanted ZnO, unannealed,
after 700◦C, and after 900◦C annealing (excitation:λ = 514.5 nm). The inset shows the
A1(LO) mode position in dependence on the Mn concentration andthe applied annealing
steps.

In order to study such temperature effects and to get information about the origin of
the 527 cm−1 and the 519 cm−1 modes, an annealing sequence was performed for the
implanted layers with temperatures up to 900◦C. Such annealing procedures are typi-
cally applied for implanted samples in order to heal radiation damage (see section 5.1)
and to support a substitutional incorporation of the implanted ions. Pure, but disordered
ZnO exhibits a strong, disorder-enhanced A1(LO) mode and a broadened E2(high) peak.
Annealing of such a sample could improve the crystalline quality and, consequently, the
A1(LO) mode would be reduced and the half-width of the E2(high) phonon mode would
become narrower. The commercial, pure ZnO substrate samples, used for the implantation,
are of excellent crystal quality and exhibit a very strong, narrow E2(high) mode and only
a very small A1(LO) signal before implantation. Their crystal quality is not significantly
improved by annealing, so the Raman spectra of these pure ZnO samples look identical
without annealing, after 700◦C, and after 900◦C annealing. Figure 5.12 shows the 8 at.%
Mn-implanted sample without annealing, after annealing for 15 min at 700◦C, and after an
additional annealing for 15 min at 900◦C, respectively. For comparison, also the spectrum
of pure ZnO is shown. The unannealed sample shows an extremely strong, broad band
between 500 and 600 cm−1 with a dominating right shoulder. Its maximum is at about 560
cm−1 and thus about 14 cm−1 away from the 574 cm−1 position which can be expected for
the A1(LO) mode in well-ordered ZnO. This strong intensity of the A1(LO) mode and the
shift to lower wavenumbers can be interpreted as a consequence of the radiation damage in
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this unannealed sample. The shift is in accordance with the dispersion of the A1(LO) mode
near the Brillouin zone center (subsection 3.1.2).
Upon annealing at 700◦C, the characteristic two-shoulder structure can be seen, mostly
due to the strong reduction of the broad A1(LO) mode. This is confirmed by the second
annealing step at 900◦C, which results in another strong reduction of the A1(LO) structure.
After this 900◦C annealing step, the left shoulder shows a slight shift to lower wavenumber
values while approaching two-feature behavior (at about 519 cm−1 and about 527 cm−1)
as identified for the bulk Zn0.96Mn0.04O sample in Figure 5.10b. Both modes, at about 519
cm−1 and 527 cm−1, are reported in the literature for Mn-alloyed ZnO, but without effort
to distinguish between these modes. Nevertheless, both areequally taken as evidence for
a substitutional incorporation of Mn on Zn sites [Alaria 2006, Du 2006, Venkataraj 2007,
Xu 2006]. However, it will be shown now that each of these modes has its own origin. The
feature at 527 cm−1 is strong in the Raman spectra of the more disordered samples with Mn
concentrations≥2 at.% (Figures 5.7 and 5.8) and decreases upon annealing (Figure 5.12).
Besides, a mode at 528 cm−1 is also observed in Sb-alloyed ZnO [Bundesmann 2003, Zuo
2001], an evidence that it is no isolated impurity mode, but probably a ZnO mode, acti-
vated or intensified by Mn ion incorporation. For example, Manjon et al. calculated the
2xB1(low) mode to be located in this spectral region [Manjon 2005]. In contrast, the fea-
ture at 519 cm−1 is covered by the broad disorder band in the spectra of highlydisordered
Mn-alloyed ZnO and therefore it is only seen for the samples with Mn concentrations≤0.8
at.% or after thermal treatment up to 900◦C. Its intensity scales with the Mn content in
such well-ordered samples, as shown in Figure 5.10a for the samples with 0.2 and 0.8 at.%
Mn. Additionally, the EPR experiments confirm that the Mn ions are mainly substitution-
ally incorporated in the annealed samples, and therefore encourage the assumption that this
mode is a candidate for an isolated impurity mode of substitutionally incorporated Mn in
ZnO.
Still, there are only very few theoretical studies of isolated impurity vibration modes by
TM ions in ZnO [Bundesmann 2005, Lakshmi 2006, Thurian 1995, Zhong 2006]. More-
over, they do not deliver a clear and consistent picture regarding their existence and the
expected frequency values. In section 2.3, additional modes by isolated impurities in a
crystal lattice were classified in local vibration modes, gap modes, and band modes. For a
local vibration mode, an impurity vibration with wavenumber values above 600 cm−1, i.e.
above the optical phonon branches, would be required from the isolated Mn in ZnO. Such
high frequencies can not be expected for Mn which has a similar mass as the substituted Zn
ion (mZn ≈ 65 u, mMn ≈ 55 u). Besides, the identified feature is located well below that
value. A gap mode would lie between 260 cm−1 and 370 cm−1, i.e. between the acoustic
and the optical phonon branches. Hence, in this simplified picture, only a band mode could
explain the observed feature. A band mode, however, corresponds to a vibration induced
by the isolated impurities, but not localized at their sites. On the other hand, as mentioned
in section 2.3, the situation is more complicated in anharmonic crystals. Additionally, there
is also the possibility that the vibration does not occur dueto isolated Mn impurities, but
due to Mn-related complexes in ZnO. Though, no indications for such complexes were
found in the examined samples with low concentrations.
In summary, the overall intensity of the left shoulder at about 515-530 cm−1 in the Raman
spectra of ZnO:Mn should not be taken uncritically as evidence for a substitutional incor-
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poration of Mn on Zn sites or for an estimation of the actual Mncontent. Instead, the two
different modes identified within this shoulder have to be distinguished carefully. In future
research, an enhanced theoretical understanding and also additional experimental methods,
such as X-ray photo-electron spectroscopy (XPS) or X-ray absorption spectroscopy (XAS),
could help to further clarify the exact origin of the identified additional Raman features.

Figure 5.13: Depth-dependent Raman spectra of the 8 at.% Mn-implanted ZnO sample,
(a) unannealed and(b) 900◦C annealed. The spectra are normalized to the E2(high) mode
(excitation: λ = 514.5 nm). ’0’ at the focus depth axis corresponds to focusing on the
sample surface, negative values denote focus positions above the surface (air), positive
values below (within the sample).

Depth profile analysis of the Mn-implanted layers

To study the depth profile of the Mn distribution and the associated disorder effects
within the implanted layer, a micro-Raman depth analysis wasconducted. In this depth
scan, the laser spot position of the Raman microscope was stepwise varied within the im-
planted layer and the underlying part of the substrate (total thickness about 0.5 mm). The
absolute intensity of the various features in the Raman spectrum at the different steps of
the depth scan is determined by the convolution of the sample’s response function and the
optical detection profile. The detection profile depth amounts to 6± 0.5 µm FWHM. In
Figure 5.13, the results of the depth scans are shown for the 8at.% sample unannealed and
after the second annealing step (900◦C), respectively. In all spectra, the vertical scale is
normalized to the ZnO E2(high) mode intensity. This implies a strong stretching of up to 40
times for focus positions above the sample surface (negative depth values in Figure 5.13).
Stray light caused by diffuse reflection of the laser beam at the sample surface dominates
the spectrum of the unannealed sample for high negative focus depths. Comparable stray
light noise is not observed for the annealed samples. This confirms that the implantation
damage on the surface and in the near surface region is strongly reduced by the applied
annealing. Deconvolution of the Raman depth scans indicatesthat the signals identified as
related to the implantation derive from a near-surface region.
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Figure 5.14: Temperature-dependent Raman spectra of the 0.2 at.% Mn-implanted ZnO
sample after 700◦C annealing (excitation:λ = 457.9 nm). While the difference mode at
about 330 cm−1 disappears at low temperature, an additional mode appears for T ≤ 120
K at about 140 cm−1. Note the weak intensity of this additional mode compared to the
E2(high) and E2(low) modes at about 437 cm−1 and 100 cm−1, respectively.

The spectra of the unannealed sample are dominated by the disorder-intensified A1(LO)
mode. In contrast, the spectra of the 900◦C annealed sample show the two shoulder sig-
nature discussed above. Note that in the latter spectral series the Mn-related left shoulder
is particularly strong, compared to the disorder-related right shoulder, exactly at the fo-
cus depth for which the shoulder reaches its overall intensity maximum. This is a further
indication that the two signals have different origins and obviously also a different depth
distribution. In Figure 5.13, also a broad band between 900 and 1300 cm−1 is visible which
originates from second-order processes. This band was not discussed before in detail for
Mn-alloyed ZnO. It is dominated by features at about 1160, 1100, and 990 cm−1, which
are also reported for pure ZnO (subsection 3.1.2). Additionally, a broad feature evolves
at about 1060 cm−1 which does not occur in pure ZnO. Its intensity is correlatedwith the
intensity of the feature at 527 cm−1. Therefore, it is assigned to the second-order process
of the 527 cm−1 mode.

Secondary phase discussion and low temperature additionalmode

While Mn incorporation is the key to the desired magnetic properties of the DMS
Zn1−xMnxO, one must also take into account the possibility of precipitate formation. Fer-
romagnetic Mn3O4, antiferromagnetic elemental Mn, or antiferromagnetic MnO could be
reasons for the often contradictory reports about the magnetic properties of Mn-substituted
ZnO. The predominating Raman modes for MnO, MnO2, Mn2O3, ZnMn2O4, and Mn3O4
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are in the spectral range between 300 cm−1 and 700 cm−1 [Buciuman 1999, Garcia 2005,
Julien 2004]. An enhanced sensitivity for secondary phasesas well as for localized im-
purity modes can be expected in low temperature Raman measurements due to more pro-
nounced and sharper phonon peaks. In the low temperature spectra of Figure 5.14, two
features exhibit a temperature dependence. First, the difference mode E2(high)-E2(low)
at 330 cm−1 disappears for low temperatures (section 4.1). Second, a weak additional
mode appears at about 139 cm−1. Towards Helium temperature, the latter shifts to higher
wavenumber values until about 143 cm−1 and becomes sharper and more intense. This
feature does not correspond to any characteristic mode of the Mn-related precipitates men-
tioned above. In addition, a similar mode was identified in low temperature Raman spectra
of pure ZnO [Cusco 2007]. Because of its temperature behavior it may be related to the
vibration of a localized, intrinsic ZnO defect. So again, nosecondary phases could be iden-
tified in the analyzed ZnMnO samples with concentrations≤8 at.%. This in accordance
with the results by TEM and XRD discussed above and with literature findings regard-
ing the solubility limit of Mn in ZnO [Jin 2001, Kolesnik 2004]. The antiferromagnetic
coupling of the Mn on Zn sites, detected by EPR, can therefore be attributed to Mn ions
substitutionally incorporated on Zn sites in ZnO and not to the formation of antiferromag-
netic precipitates such as elemental Mn or MnO.

5.2.2 Zn1−xMnxO layers with concentrations≥16 at.%

The fabrication of the 16 at.%, 24 at.%, and 32 at.% Mn-implanted samples studied in
this subsection and the impact of the implantation on their crystal quality are discussed
in section 5.1. While no secondary phases were observed in Mn-implanted ZnO with
concentrations≤8 at.% (subsection 5.2.1 and [Schumm 2008/1]), they are clearly present
for the samples implanted with 16 at.%, 24 at.%, and 32 at.% after annealing at 700◦C.
The additional phonon modes occurring in the Raman spectra ofthese samples (Figure
5.15 and Figure 5.16) can be attributed to the formation of Zn-Mn oxides [Buciuman 1999,
Julien 2004, Samanta 2007]. In detailed lateral mapping of the sample implanted with
16 at.% Mn, oxide phases were only detected for few inclusions of aboutµm size on the
sample surface (coverage< 0.1%). These inclusions appear orange under the microscope
and show strong additional Raman signals. A similar surface structure was observed for
the sample implanted with 24 at.% Mn. However, in this samplesome of the inclusions
are located in areas extended over severalµm. Figure 5.15 shows such a secondary phase
area appearing as a circle-like structure. Inside the circle, mostly ZnO is observed, with
a crystal quality comparable to the large-area ZnO outside.In contrast, in the rim region
with most of the secondary phase inclusions, ZnO with clearly enhanced crystal quality is
detected. This indicates a self-purification process of theZnO by forming oxide phases.
The sample implanted with 32 at.% Mn shows a substantially different surface structure
(Figure 5.16). Small precipitate islands ofµm size are littered over the whole surface
(coverage∼ 30%). They appear green under the microscope, while the surrounding ZnO
surface is red. The Raman spectra of the local precipitates inthe 16 at.% and the 24 at.%
sample as well as the Raman spectra of these green islands showthree additional peaks
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Figure 5.15: Raman spectra of different spots on the 24 at.% Mn-implantedZnO sample
after 700◦C annealing show the inhomogeneity of the sample caused by precipitate forma-
tion (excitation:λ = 514.5 nm). The optical microscope picture shows the studiedsurface
spots. Spectra: laser focused on (1) dark spot, (2) yellow spot, and (3) grey rim spot within
the singular precipitate region; (4) spot on the representative surface region.
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Figure 5.16: Raman spectra of different spots on the 32 at.% Mn-implantedZnO sam-
ple after 700◦C annealing show the inhomogeneity of the sample caused by precipitate
formation (excitation:λ = 514.5 nm). The optical microscope picture shows the studied
surface spots. Spectra from bottom to top: laser focused on (1) violet spot and (2) dark
spot in the shown singular precipitate area; (3) green islandand (4) red surface spot in the
representative surface region.
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Figure 5.17: XRD diffractogram of the 32 at.% Mn-implanted ZnO sample. Besides the
ZnO Bragg peaks, four additional features are observed. They are assigned to the 202 and
303 peaks of ZnMn2O4 and to either the 211 and 422 peaks of ZnMn2O4 or the 311 and
622 peaks of ZnMnO3 [JCPDS 1997].

at about 320 cm−1, 380 cm−1, and 680 cm−1. From these frequency positions and their
intensity ratios, they can be attributed to ZnMn2O4, which possesses three characteristic
phonon modes at 327 cm−1, 389 cm−1, and 680 cm−1 [Samanta 2007]. The shifting of the
additional Raman features compared to the literature valuesmay be due to strain effects.
In this case, the red shifts of up to 10 cm−1 indicates tensile strain of the oxide precipitates.
Another plausible explanation for the peak shifts is the presence of non-stoichiometric
ZnxMn3−xO4 phases, as discussed below.

Because of their small size and very low coverage, the precipitates in the 16 at.% and
the 24 at.% samples are below the XRD detection limit. The ZnMn2O4 islands of the
32 at.% Mn-implanted ZnO, however, are reflected in the corresponding diffractogram in
Figure 5.17. The strong diffraction peaks at about 34.4◦ and about 72.6◦ are the 0002 and
0004 Bragg peaks of the hexagonal ZnO host crystal [JCPDS 1997]. The left shoulder at
about 32.4◦ in the 0002 ZnO peak is observed for all samples and does therefore not depend
on the TM species. Four additional peaks are observed in the diffractogram of this sample,
which are attributed to ZnMnxOy formation, taking into account the Raman results. The
diffraction peaks at about 37.0◦ and 56.8◦ correspond very well to the literature values of
the 202 (36.93◦) and the 303 (56.74◦) Bragg peaks of ZnMn2O4 [JCPDS 1997]. With the
relation of Scherrer, the size of the ZnMn2O4 segregations could be estimated to about 20
nm [Scherrer 1918].
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Figure 5.18: High-resolution TEM picture of secondary phase clusters onthe surface of
the 32 at.% Mn-implanted sample after 900◦C annealing in air.

The two stronger additional signals at about 35.8◦ and 75.9◦ are shifted to lower diffrac-
tion angles, but still close to the reported values of the ZnMn2O4 211 (36.40◦) and 422
(77.34◦) reflections [JCPDS 1997]. Lattice mismatch between the hostmatrix and the sec-
ondary phase grains can be the source of local strain, which induces a variation of the lat-
tice constant of secondary phase segregations [Cullity 1978]. The observed shift to smaller
diffraction angles can therefore be explained by tensile strain effects, which is in accor-
dance with the observed frequency shifts of the phonons modes discussed above. Another
plausible explanation is the presence of ZnMnO3, which shows its strong 311 and 622 re-
flections at 35.67◦ and 75.55◦, respectively [JCPDS 1997]. No literature data is available
for Raman scattering on ZnMnO3 to confirm this assignment. There is a XRD report of
non-stoichiometric Mn3−xZnxO4 phases, which show a strong reflection close to the ob-
served 35.8◦ [Blasco 2006]. While non-stoichiometric precipitates are also suggested by
the Raman data, no reflection corresponding to the 75.9◦ peak is reported for such phases.
Additionally, few areas were detected by micro-Raman mapping on the sample surface of
the 32 at.% Mn-implanted sample, which contain islands appearing violet under the mi-
croscope (picture in Figure 5.16). Because of the local appearance of these inclusions,
they are not expected to influence the XRD results. The additional Raman modes of these
inclusions lie at 317 cm−1, 368 cm−1, and 660 cm−1, which is in between the reported
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Raman features of stoichiometric ZnMn2O4 at 327 cm−1, 389 cm−1, and 680 cm−1 and
of stoichiometric Mn3O4 at 310 cm−1, 357 cm−1, and 653 cm−1 [Julien 2004, Samanta
2007]. The intensity ratios of the peaks and the peak positions lie closer to Mn3O4 than
to ZnMn2O4. These findings could be explained by Mn3O4 under compressive strain. But
also a mixed mode behavior of non-stoichiometric ZnxMn3−xO4 with mode positions be-
tween the stoichiometric oxides Mn3O4 and ZnMn2O4 could account for these results, as it
is known that non-stoichiometric ZnxTM3−xO4 crystals are very often grown when prepar-
ing spinels with a nominal x = 1 composition [Piekarczyk 1988].
In addition to Raman scattering and XRD, the cluster formationon the surface of the 32
at.% Mn-implanted sample was studied by HRTEM and EDX line scan experiments after
900 ◦C annealing in air. The experimental details are described in subsection 5.2.1. In
Figure 5.18, an example for the recorded TEM pictures is shown. The strong variation of
the contrast can again be attributed to structural disorderof the implanted ZnO. Moreover,
secondary phase clusters with different crystal structureand sub-µm size are clearly visible
on the surface of the sample. Large areas of the sample surface were scanned and most of
the observed precipitates were elongated and aligned to thewurtzite structure of the subja-
cent ZnO as shown in Figure 5.18. EDX line scans in the precipitate regions identified by
HRTEM confirm a substantially higher TM concentration and decreased Zn concentration
within the clusters.

Figure 5.19: Raman spectra of pure DACH and of three different ZnMnO nanoparticle
samples fabricated by the same synthesis with DACH as capping ligand (excitation:λ =
514.5 nm).

5.2.3 ZnO:Mn nanoparticles

Among the Mn-alloyed ZnO systems with reported ferromagnetism at room temperature,
there are also ZnMnO nanoparticles [Kittilstved 2005, Wang2006/1]. To study such sys-
tems, Mn-alloyed ZnO nanoparticles were fabricated based on the syntheses described
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Figure 5.20: Raman spectra of bulk ZnMnO and of two different ZnMnO nanoparticle
samples fabricated by the same synthesis with DMPDA as capping ligand (excitation:λ =
514.5 nm).

in [Chory 2007] and discussed in section 4.2. Mn was added in the form of the precursor
MnCl2 with about 2 at.% Mn2+ relative to Zn2+ in order to obtain Zn0.98Mn0.02O nanocrys-
tals stabilized by organic ligands. The resulting particles were characterized by Raman
scattering, EPR, and SQUID measurements.
For the first synthesis procedure, the organic molecule DACH (diaminocyclohexane) was
chosen as capping ligand (see inset in Figure 5.19) because good results were achieved
for pure ZnO nanoparticles using this stabilizer. Figure 5.19 shows the Raman spectra of
the nanoparticles resulting from this synthesis and also the spectrum of pure DACH. The
three nanoparticle curves correspond to three different sample batches, fabricated by the
same synthesis procedure to check reproducibility. However, no signal corresponding to
wurtzite ZnO is observed for the DACH-stabilized particles.Furthermore, the feature-rich
spectra are obviously not solely due to vibrations of the DACHligand. By the observed
vibration frequencies, also residues of the TMAH agent can be ruled out, which were iden-
tified for several syntheses of pure nanoparticles in section 4.2. A possible explanation for
the Raman results are vibrations of clusters including precursor material, Mn ions, and the
DACH molecules.
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As a more promising ligand candidate, DMPDA (dimethylpropylenediamine) was iden-
tified (see inset in Figure 5.20). Using DMPDA as capping ligand, a strong, chelate-type
bonding involving both amino groups of DMPDA can be expectedfor the nanoparticle-
molecule interface. Figure 5.20 shows the Raman spectra of the DMPDA-stabilized, Mn-
alloyed nanoparticles and of polycrystalline, bulk Zn0.96Mn0.04O, for comparison. The
bulk sample was described in subsection 5.2.1. Again, the two nanoparticle curves cor-
respond to two different batches synthesized by the same procedure. The spectra of the
nanoparticles show the ZnO phonon modes E2(high)-E2(low) and E2(high), but also the
two-shoulder structure between 500 cm−1 and 600 cm−1, which is characteristic for Mn-
alloyed ZnO. Additionally, all Raman features of the nanoparticles show a pronounced red
shift and strongly broadened peaks. Different contributions to this effect are plausible:
Relaxation of the selection rules due to increased crystal disorder, local heating, and alloy
potential fluctuations due to the Mn impurities. Crystal disorder and local heating as cause
of peak shifting and broadening were already discussed in detail in sections 2.3 and 4.2.
As the DMPDA-capped particles were studied with a high laserpower density (>1000
kW/cm2, Dilor system), local heating is assumed to have a strong impact especially on
the peak position. For such high power densities, shifts of more than 10 cm−1 were ob-
served in ZnO nanoparticles [Alim 2005/1, Alim 2005/2]. In contrast, topological crystal
disorder, like interstitials, stacking faults, etc., is not likely to cause such pronounced red
shifts. In alloyed semiconductors, however, also the so-called alloy potential fluctuations
(APF) due to atom substitutions result in a reduced symmetry[Parayanthal 1984]. Wang
et al. used a simple spatial correlation model to describe experimentally observed peak
shifts and broadening in the Raman spectra of ZnMnO nanoparticles with average crystal
diameter of∼50 nm [Wang 2005]. Thereby, they observed and calculated peak shifting of
2 cm−1 and broadening of 11 cm−1 for the E2(high) mode in nanoparticles with 2 at.% Mn.

The E2(high) mode in the Raman spectra of the DMPDA-stabilized ZnO nanoparticles
shows a red shift of about 9 cm−1 and a broadening of about 15 cm−1 compared to pure
ZnO nanoparticles fabricated by a similar synthesis procedure (Figure 5.20). Similar val-
ues are observed for the quasi-LO and the E2(high)-E2(low) modes. To further study the
impact of crystal disorder on the shifting and broadening, annealing experiments were per-
formed on the DMPDA-stabilized nanoparticles for 30 min at 350 ◦C in air. Furthermore,
the Raman spectra were taken at very much lower laser power density (<30 kW/cm2, Ren-
ishaw system) to study the Raman scattering without strong local heating. Figure 5.21
shows the results of these experiments. Obviously, alreadythe spectra of the unannealed
particles are different from the above presented spectra. They show comparable red shifts,
but the peak broadening is much weaker than in the spectra recorded with higher laser
power. Due to the thermal treatment, the Raman peaks become even narrower and exhibit
red shifts of only<5 cm−1 compared to the literature values for bulk ZnO. Additionally, the
broad unstructured disorder band between 500 cm−1 and 600 cm−1 evolves into the well-
known two-shoulder signature, which is characteristic forMn-alloyed ZnO. This structure
had been observed in Figure 5.20 without thermal annealing,but at such high laser power
densities that a laser-induced healing effect seems plausible.
The results indicate that the observed peak broadening in the Raman spectra of the DMPDA-
capped ZnMnO nanoparticles is mostly temperature-driven,while the red shift is caused
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Figure 5.21: Raman spectra taken before and after annealing experimentson the ZnMnO
nanoparticles capped with DMPDA (excitation:λ = 514.5 nm). During the thermal treat-
ment, the particles were placed on a heat plate at 350◦C for 30 min.

by crystal disorder, impurity-induced APF, and local heating. However, the thermal treat-
ment not only improves the crystal structure of the particles, but can also harm the organic
ligands. This could be the cause for a luminescence signal occurring in the Raman spec-
tra after the annealing as indicated in Figure 5.21. Furthermore, damaging the capping
molecules could also lead to a clustering of the ZnO crystallites. In this case, the heat con-
duction could be increased, further decreasing the impact of local heating.

In such wet-chemically synthesized particles, the position of the TM ion is even more
ambiguous than in TM-implanted ZnO or ZnO:TM grown by VPT techniques. Besides the
substitutional or interstitial position within the ZnO lattice, the TM ions could also bind to
the organic ligands outside the nanocrystals. In the Raman spectra of Figure 5.20, however,
no indications for Mn-organic clusters are found as they were observed in the case of the
DACH-stabilized particles. Furthermore, also no secondaryphases are detected. To get
further information on the Mn ion position in the DMPDA-stabilized nanoparticles, they
were studied by EPR (for experimental details, see subsection 5.2.1). In Figure 5.22a, again
the six lines attributed to isolated, substitutional Mn2+ are observed in the derivative mode,
as discussed for bulk ZnMnO in subsection 5.2.1. However, the spectra of nanocrystals are
more complicated. Only the lattice sites in the nanocrystalcore can be described with bulk
symmetry. The symmetry is reduced for lattice positions closer to the nanocrystal surface,
resulting in relaxed selection rules. This causes additional lines in the EPR spectra, which
are located in between the six-line pattern. It should be noted that for Mn2+ ions located
on the surface of nanocrystals, a larger hyperfine interaction has been observed [Kennedy
1995, Zhou 2003]. This is caused by the reduced covalent bonding of the surface-Mn2+
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Figure 5.22: (a) EPR spectra of DMPDA-capped ZnMnO nanoparticles: derivative spec-
trum (black line) and integrated spectrum (red line).(b) Corresponding SQUID measure-
ments of the magnetization as a function of the magnetic fieldtaken at 2, 4.3, and 15 K
(squares). The data points are fitted with a magnetic moment ofJ = 4 (lines).

compared to the Mn ions located in the core of the nanocrystals. However, this contribution
is not observed in the spectra of the nanoparticles with DMPDA as capping ligand.
While the six-line signature in the derivative spectrum (black line in Figure 5.22a) proves
the existence of isolated, substitutional Mn ions, the integrated spectrum (red line) addi-
tionally indicates the interaction of nearby Mn ions withinthe particles or in clusters.

The different Mn ion positions identified by EPR are also reflected in the magnetic
properties of the nanoparticles. While isolated Mn ions havemagnetic moments of J =
5/2, the paramagnetic behavior of the particles determinedby SQUID measurements can
be fitted with J = 4, see Figure 5.22b. Note that elemental Mn isantiferromagnetic, Mn3O4

is ferromagnetic, and most other Mn oxides are antiferromagnetic.
In summary, the DMPDA-capped nanoparticles exhibit the Raman fingerprint of ZnMnO,
whereas peak shifts and broadening can be explained by localheating effects, crystal dis-
order, and alloy potential fluctuations. No secondary phases or clusters are detected by
Raman scattering. Mn ions are positioned substitutionally within the crystal, but also mag-
netic interaction of nearby Mn ions is observed by EPR.
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Figure 5.23: (a) Raman spectra of 2 at.% and 8 at.% Co-implanted ZnO after annealing
at 700◦C (excitation 514.5 nm).(b) Corresponding Co2+ luminescence in the red spectral
range (excitation 632.8 nm).

5.3 Cobalt-alloyed ZnO

Besides manganese, cobalt is the most studied TM in the context of TM-alloyed ZnO.
For this thesis, hydrothermally grown ZnO host crystals were implanted with Co to obtain
Zn1−xCoxO with 2 at.%≤ x ≤ 32 at.%. For implantation details, see sections 4.1.1 and
5.1. The Co-implanted series is complemented by polycrystalline, bulk ZnCoO (fabricated
via VPT), by MBE-grown ZnCoO layers on sapphire substrate, andby nanocrystalline Zn-
CoO layers on glass substrate. Table 5.4 gives an overview of all studied ZnCoO samples.
In subsection 5.3.1, the results on samples with Co concentrations≤8 at.% are presented.
As in the case of Mn, secondary phase formation becomes important for higher TM con-
centrations, which are discussed in subsection 5.3.2. Subsection 5.3.3, finally, deals with
the nanocrystalline layers.

Co-alloyed ZnO Fabrication Co concentration

layers hydrothermally grown ZnO impl. with Co 2-32 at.%
layers molecular beam epitaxy 0.5-5 at.%
polycrys. bulk vapor phase transport < 4 at.%
nanocrys. layers wet-chemical synthesis 3-12 at.%

Table 5.4: Overview of the Co-alloyed ZnO samples presented in this thesis.
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Figure 5.24: The tetrahedral coordination of substitutional Co2+ in ZnO gives rise to
crystal field splitting of its 3d levels [Koidl 1977, Kuzian 2006]. This splitting can be
described in terms of a cubic part (ideal tetrahedron withc/a =

√

8/3) and a trigonal part
(c/a-deviation from the ideal value in the real crystal). The red arrow labels the intra-3d
transitions2E(G)→ 4A2(F), observed as red emission in Co-alloyed ZnO. The green arrow
corresponds to a transition due to the Co2+ 3d ground state splitting in ZnO observed at
an energy of about 5 cm−1 in Raman scattering [Koidl 1977, Szuszkiewicz 2007].

5.3.1 Zn1−xCoxO bulk and layers with concentrations≤8 at.%

Hydrothermally grown ZnO was implanted with 2 at.% to 8 at.% Coand studied by Raman
scattering, see Figure 5.23a. The A1(LO) disorder band between 550 cm−1 and 600 cm−1,
characteristic for TM implantation, is strongly reduced after annealing at 700◦C, indicating
substantial healing of the implantation damage. No additional impurity or secondary phase
Raman modes occur. Note that the two-shoulder behavior identified as characteristic for
Mn-alloyed samples in subsection 5.2.1 is not observed.
When exciting with the 632.8 nm line of a helium-neon laser, most of the Raman signal
is covered by a strong luminescence, peaking at about 1.8 eV at room temperature, see
Figure 5.23b. This red emission is neither observed in the pure ZnO host crystals nor in
ZnO implanted with other TM ions. The tetrahedral coordination of substitutional Co2+

in ZnO gives rise to crystal field splitting of its 3d levels [Koidl 1977, Kuzian 2006]. The
crystal field splitting can be described in terms of a cubic part, which corresponds to an
ideal tetrahedral coordination with wurtzite lattice constantsc/a =

√

8/3, and a trigonal
part, which reflects the c/a-deviation from the ideal value in the real crystal, see Figure
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5.24. Therefore, the red emission can be identified as intra-3d transitions2E(G)→ 4A2(F)
of the tetrahedrally coordinated Co2+(3d7) ion, marked with a red arrow in Figure 5.24.
The occurrence of this emission can be used as a proof for substitutional Co2+ on Zn
sites in wurtzite ZnO. Obviously, the intensity of this emission in the case of the 8 at.%
Co-implanted sample is stronger than in the 2 at.% sample. Whennormalized to the Co
concentration, however, the emission is much stronger in the 2 at.% sample. This suggests
that the percentage of substitutional Co decreases for higher Co concentrations.
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Figure 5.25: Raman and PL spectra of polycrystalline, bulk Zn>0.96Co<0.04O. (a) Ad-
ditional features in the low temperature Raman spectra caused by scattering from CoO
magnons (excitation:λ = 514.5 nm).(b) Broad red emission due to tetrahedrally coordi-
nated Co2+ on Zn sites in ZnO at RT and corresponding luminescence fine structure at low
temperature (excitation:λ = 457.9 nm).(c) Raman scattering signals due to Co2+ intra-
3d transitions in ZnO (∼5 cm−1) and in CoO (∼13 cm−1) due to 3d ground state splitting
(excitation:λ = 488.0 nm, T = 15 K).
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For comparison, Zn1−xCoxO bulk material was studied. The polycrystalline samples
were grown by VPT at a growth temperature of 900-1000◦C and have Co concentrations
< 4 at.% [Jouanne 2006]. Room temperature and low temperature Raman spectra of such
a bulk ZnCoO sample are shown in Figure 5.25a. In the spectra taken at room tempera-
ture, the expected ZnO modes can be observed, i.e. the E2(high) mode at about 437 cm−1,
the E2(high)-E2(low) mode at about 330 cm−1, and the disorder band in the LO phonon
region. Additionally, the A1(TO) mode at about 380 cm−1 occurs. For the latter, Raman
scattering is allowed in this case because of the polycrystalline character of the sample. Its
c-axis is not well-defined and therefore the angle between c-axis and laser polarization can
not be restricted to 90◦ as in the experiments on the TM-implanted samples. In the low
temperature spectra, not only the difference mode E2(high)-E2(low) disappears, but also
additional modes occur. The peaks at about 143 cm−1 and about 297 cm−1 can be iden-
tified as CoO magnons [Chou 1976]. The magnon signal of CoO reported for 220 cm−1

can not be observed in the experimental configuration used torecord these spectra. The
temperature behavior of the magnon mode at about 297 cm−1 is shown in the inset in Fig-
ure 5.25a. Due to stronger correlation between the spins at lower temperatures, it shifts to
higher wavenumber values, becomes narrower, and shows higher intensity with decreasing
temperature. The formation of CoO identified by these magnon signals can be attributed to
the fabrication process because the reported solubility ofCo in ZnO usually lies well above
the 3-4 at.% of this sample [Jin 2001, Kolesnik 2004]. As these samples were fabricated
at high temperature, other Co oxide phases, especially Co3O4 and ZnCo2O4, are not stable
during the growth. Note that, due to its rocksalt structure,CoO phonon modes can not be
observed as well-defined Raman features. The Raman features ofCo oxide modes are dis-
cussed in more detail in subsection 5.3.3. An additional Raman feature was detected during
experiments on these samples at about 132 cm−1, which could be attributed to a vibration
mode of elemental cobalt in hcp structure [Millot 2006, Szuszkiewicz 2007]. Hence, be-
sides the identified CoO, also elemental Co is present in these samples already at such low
concentrations.
With decreasing temperature, an additional feature evolves at about 420 cm−1, which is
not known as a magnon signal of a Co-related alloy. Its temperature behavior suggests a
magnon or a localized vibration as origin, but no final assignment can be given here.
Among all TM-alloyed ZnO systems studied for this thesis, the feature at 550 cm−1, as
seen in Figure 5.25a, was particularly strong only in Co-alloyed systems. This fact and the
temperature behavior suggest an impurity-induced vibration. The B1(high) silent mode is
calculated near this position [Serrano 2007] and activation of silent ZnO phonon modes
by impurity incorporation is possible as discussed in [Bundesmann 2003, Manjon 2005].
However, this silent mode is studied in detail in chapter 6 and is found at significantly
higher frequency. The resonance behavior of this feature, addressed in subsection 5.3.3,
suggests the assignment to a mode with LO symmetry.
In the room temperature PL spectra of Co-implanted ZnO, only abroad luminescence band
due to tetrahedrally coordinated Co2+ occurs in Figure 5.23b. The low temperature spectra
in Figure 5.25b reveal additional features. The observed fine structure is due to spin-orbit
interaction and phonon satellites of the electronic transitions. Furthermore, interesting fea-
tures occur at very low wavenumber values, observed for the first time in Raman scattering
experiments (Figure 5.25c). The structure at about±5 cm−1 may correspond to electronic
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Figure 5.26: (a) Raman spectra of MBE-grown Zn1−xCoxO layers with 0.5 at.% and 5
at.% Co (excitation:λ = 514.5 nm). (b) Red emission of the Zn1−xCoxO layers due to
intra-3d transitions of substitutional Co2+ (excitation:λ = 632.8 nm).

Raman scattering on a transition due to Co2+ 3d ground state splitting in Zn1−xCoxO [Koidl
1977, Szuszkiewicz 2007]. This transition is labeled by a green arrow in Figure 5.24. An-
other possibility is the Co2+ 3d ground state splitting in CoO, which also has an energy
corresponding to a Raman shift of 5 cm−1 between the lowest level and the second lowest
level [Sakurai 1968]. The feature close to±13 cm−1 can be attributed to Co2+ 3d ground
state splitting in CoO, where the energy difference between the lowest level and the high-
est (third) ground state level amounts to 13 cm−1 [Sakurai 1968, Szuszkiewicz 2008]. A
further, less likely, explanation for the 13 cm−1 Raman feature is that the 5 cm−1 Co2+

transition is shifted if in a locally deformed crystal environment.

The incorporation of Co by ion implantation implies implantation-induced disorder,
and in the case of VPT samples, Co oxides were observed alreadyat low concentrations.
In contrast, fabrication via molecular beam epitaxy promises more ordered Zn1−xTMxO
systems with weaker secondary phase formation. In the MBE-grown samples studied for
this thesis, intrinsic ferromagnetism was found for concentrations<3 at.%, while AFM
correlation between the Co2+ ions dominates the magnetic behavior for≥3 at.% [Sati
2006]. Like all TM-alloyed ZnO systems of this thesis, theselayers are n-type, in this
case with residual carrier concentrations ne < 1018 cm−3. In Figures 5.26a and 5.26b, the
Raman spectra and red luminescence of the available MBE layerswith varying Co con-
centrations are shown. Due to the high transparency of thesethin layers, strong additional
signals from the sapphire substrate occur. Interestingly,despite the epitaxial growth, a
strong disorder band between 500 cm−1 and 600 cm−1 is clearly seen in the 5 at.% sam-
ple. Like in the bulk samples discussed above, the broad bandpeaks at 550 cm−1, which
was attributed to a impurity-induced mode. The broad Co2+ photoluminescence shown in
Figure 5.26b confirms the presence of substitutionally incorporated Co ions. However, the
luminescence intensity in the 5 at.% samples is only by a factor of 3.2 stronger than in
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the 0.5 at.% sample, indicating that the fraction of substitutional Co ions decreases with
rising Co concentration. This could be related to the magnetic behavior mentioned above:
The MBE grown layers show RT FM behavior for low concentrations <3 at.%, but AFM
behavior for higher concentrations.
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Figure 5.27: Raman spectra of different spots on the 32 at.% Co-implanted ZnO sample
after 700◦C annealing (excitation:λ = 514.5 nm). The optical microscope pictures show
the studied surface regions A, B, C, D of this sample with inhomogeneously distributed
oxide formation. Raman spectra from bottom to top: laser focused in the middle of the
surface region (A), (B), (C), and (D).
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5.3.2 Zn1−xCoxO layers with concentrations≥16 at.%

For Co-implanted ZnO, the formation of secondary phases was observed only for the sam-
ple implanted with 32 at.% Co after annealing at 700◦C. The additional phonon modes
occurring in the Raman spectra of this sample clearly indicate the formation of ZnCo2O4

(Figure 5.27). For comparison, polycrystalline, bulk ZnCo2O4 was grown by VPT. It shows
a structure-rich Raman spectrum with the 5 strongest features peaking at about 487 cm−1,
524 cm−1, 624 cm−1, 692 cm−1, and 709 cm−1. These wavenumber values are in excellent
agreement to the positions of the additional modes in the 32 at.% Co-implanted sample
(Figure 5.28). No other secondary phases were observed for the Co-implanted samples by
Raman scattering. The formation of CoO cannot be excluded fromthese room temperature
spectra because it exhibits rock-salt structure in stoichiometric bulk form, which does not
posses Raman-active phonon modes. However, formation of ZnCo2O4 is favored under an-
nealing in air and decomposition of Co3O4 to CoO requires temperatures between 800◦C
and 900◦C [Schumm 2007, Thakur 2007]. The ZnCo2O4 polycrystalline sample was also
studied with respect to its luminescence properties. In contrast to all Co-alloyed ZnO sam-
ples, no luminescence was detected in the red spectral region, in which the luminescence
caused by tetrahedrally coordinated Co2+ is located.
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Figure 5.28: Raman spectra of polycrystalline, bulk ZnCo2O4 and of 32 at.% Co-implan-
ted ZnO (spot D) after 700◦C annealing (excitation:λ = 514.5 nm).

Besides the 0002 and 0004 Bragg peaks of ZnO, also a third diffraction peak in Figure
5.29 is not related to the implanted Co. The unidentified signal at about 52.8◦ (marked
with an asterisk) was observed in several samples with different TM species and varying
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Figure 5.29: XRD diffractogram of the 32 at.% Co-implanted ZnO sample. Besides the
0002 and 0004 Bragg peaks of the ZnO host, three additional features can be observed.
The peak marked with an asterisk corresponds to the quasi-forbidden 0003 reflex of ZnO.
The other additional features are ascribed to the101̄1 Bragg peak of elemental hcp Zn and
the 0002 Bragg peak of elemental hcp Co, reported in [JCPDS 1997].

TM concentrations. It is attributed to the quasi-forbidden0003 reflex of ZnO. Despite the
clear identification of ZnCo2O4 by strong Raman signals, no diffraction peaks in Figure
5.29 can unambiguously be assigned to this secondary phase.This is surprising although
the sensitivity advantage of Raman in comparison to XRD was reported before for Co oxide
formation in Co-alloyed ZnO [Wang 2007]. Two additional peaks in the diffractogram in
Figure 5.29 are attributed to secondary phases. The signal at about 43.4◦ could be due
to hcp zinc, which has its strong 101̄1 Bragg peak at about 43.23◦ [JCPDS 1997]. The
formation of elemental zinc could be enabled by the structural impact of the implantation
procedure. The additional peak at about 44.3◦ is assigned to the 0002 peak of hcp Co
at 44.76◦ [JCPDS 1997]. The 111 peak of cubic Co lies near this diffraction peak, too.
Though, the usual crystal structure of elemental Co is hexagonal, and furthermore, hcp Co
was observed before in Co-alloyed ZnO by synchrotron XRD and byRaman scattering
[Millot 2006, Potzger 2008, Szuszkiewicz 2007, Zhou 2008/1]. The Raman feature of hcp
Co, however, lies in a spectral region not accessible in theseRaman experiments. While the
identified hcp Zn and hcp Co are plausible secondary phases, their assignment is tentatively
because corresponding higher-angle reflections were not accessible in the recorded angle
range.
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The oxide phase is inhomogeneously distributed over the sample surface: A gradual
increase of the Co oxide concentration from one side of the sample to the other can be
deduced from the Raman spectra taken in different regions (A,B, C, D in Figure 5.27).
These regions also show very different surface qualities under the microscope after the 700
◦C annealing. Inhomogeneous implantation is improbable as the surface was completely
homogeneous after the implantation, but can not be excluded. Another cause for the inho-
mogeneous oxide distribution could be a temperature gradient during annealing or during
the cooling down of the sample.
The observed intensity increase of the oxide phase modes from A to D is accompanied
by a decrease of the disorder band in the A1(LO) region. Region D shows the strongest
oxide phase Raman modes, nearly identical to the bulk ZnCo2O4, but also the smallest
disorder band and the most homogeneous surface under the microscope. Accordingly, the
intensity of the Co2+ luminescence signal at about 1.8 eV is considerably enhanced in the
sample surface region with reduced Co oxide concentration. These Raman scattering and
luminescence observations can again be attributed to a selfpurification process induced
by the thermal treatment: During annealing, Co ions migrate to the surface and form an
ordered, partially closed Co oxide layer, accompanied by an improved crystal quality of
the nearby ZnO. This layer is (almost) closed in the region D,which consequently shows
the most homogeneous surface under the microscope and the strongest secondary phase
phonon modes in the Raman spectra.

5.3.3 Nanocrystalline ZnO:Co layers

ZnCoO thin layers were prepared by sol-gel dip-coating. The resulting layers consist of
nanocrystals with an average size of about 200 nm and Co concentrations of 3 at.% to 12
at.%. For more details on the fabrication see [Bhatti 2007, Zhou 2007/1]. The samples
were studied by micro-Raman measurements with the standard Ar+ laser lines of the Dilor
XY setup (457 nm≤ λ ≤ 514 nm).
Figure 5.30a shows the Raman spectra of the Zn1−xCoxO layers for different Co concen-
trations (3 at.%, 7 at.%, 12 at.%) and different annealing steps. The well-known ZnO
Raman modes can be seen in all spectra: E2(high) at about 437 cm−1, A1(TO) at about
380 cm−1, and E2(high)-E2(low) at about 330 cm−1. Furthermore, the broad disorder band
appears in the spectral region between 500 cm−1 to 600 cm−1. The disorder-related char-
acter of this band is once more confirmed by resonance experiments as shown in Figure
5.31a. The structure is largely enhanced by exciting with a laser line of higher energy. A
similar enhancement was discussed in subsection 5.2.1 for ZnMnO and could be attributed
to impurity-induced Fr̈ohlich scattering. Relative to the non-polar E2(high) mode, the en-
hancement is particularly strong at about 570 cm−1. In this region, the polar LO modes
E1 and A1 (570-585 cm−1) are situated, which are predominantly affected by Fröhlich
scattering resonance. Furthermore, also the resonance enhancement of the 550 cm−1 fea-
ture is strong. As possible origin of this feature an impurity-induced mode was suggested
in subsection 5.3.1. The observed resonance behavior indicates that this additional mode
possesses LO character.
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Figure 5.30: (a) Raman spectra of Zn1−xCoxO with x = 3 at.%, 7 at.%, and 12 at.%,
recorded after annealing at 700◦C and 900◦C (excitation:λ = 514.5 nm).(b) Full width at
half maximum of the E2(high) phonon mode versus Co concentration after 700◦C and 900
◦C annealing. The disorder-induced broadening is reduced bythe 900◦C annealing and
scales with the Co concentration.(c) Co2+ luminescence of the nanocrystalline samples
after 900◦C annealing (excitation:λ = 632.8 nm).

Additional features appear in the spectra of Figure 5.30a, which can be explained as
vibrations of Co-related secondary phases. Note that in Figure 5.31a only the ZnO modes
in the LO region show resonance enhancement, but not these additional modes. The peaks
at about 488 cm−1, 527 cm−1, and 714 cm−1 can be assigned to non-stoichiometric Co3O4
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[Hadjiev 1988]. There are also broad structures between 650cm−1 and 720 cm−1 and
around 460 cm−1, which can both be ascribed to CoO [Gallant 2006, Zhang 2006, Zhou
2007/1]. Furthermore, also ZnCo2O4 formation is possible, which shows a similar broad
structure in Raman spectra from 650 cm−1 to 720 cm−1 [Samanta 2006].
A two-step annealing procedure was chosen to study the formation of precipitates during
such after-growth treatments. Both steps (700◦C, 900◦C) have temperatures sufficiently
high for pronounced Co oxidation. Tann = 900 ◦C was chosen in order to provoke the
migration of interstitial Co, resulting in an improved quality of the ZnCoO. At the same
time, the risk of Co oxidation on the sample surface increases. Before the first anneal-
ing step, most of the layers did not show any ZnO- or Co-relatedRaman signals due to
poor crystal quality. This changed with the first annealing at 700 ◦C for 15 min in air. In
the second step, the sample was slowly heated to 900◦C in air over a period of 4 hours,
then the temperature was held constant for 15 min. Afterwards, the sample was slowly
cooled down to room temperature. The spectra of the sample with 3 at.% Co show that
after the 700◦C annealing, the crystal structure of the ZnO is still relatively bad, leading
to a broad E2(high) mode and a strong LO disorder band at 500-600 cm−1. Smaller peaks
and strongly reduced background noise in the Raman spectra after the 900◦C annealing
indicate a significant improvement of the crystalline quality. For example, the width of
the E2(high) phonon mode is reduced by up to 40% due to the 900◦C thermal treatment
for all concentrations, see Figure 5.30b. The scaling of theE2(high) FWHM with the Co
concentration can be explained by a stronger disorder and alloy potential fluctuations, as
discussed in subsection 5.2.3 for ZnMnO nanoparticles.
There is no formation of Co3O4 observed for the 3 at.% sample. The structure at 650 cm−1

to 720 cm−1, however, may be assigned to ZnCo2O4, as described before. In contrast, for
the layer with 7 at.% Co, Co3O4 vibrations can be observed after the 700◦C annealing.
Additionally, the CoO- or ZnCo2O4-caused broad structure is visible. After the 900◦C an-
nealing, the signal of Co3O4 has disappeared and only the broad CoO / ZnCo2O4 structure
occurs, but strongly reduced in intensity. For the layer with the highest Co concentration
(12 at.%), the crystal quality after the 700◦C annealing is the least perfect and Co3O4

modes are strong both after the 700◦C and the 900◦C annealing.

To explain these results, the formation and degradation temperatures of the participat-
ing oxides must be taken into account. The formation of cobalt oxides is possible for
temperatures well below 700◦C. Therefore, Co3O4, CoO, and ZnCo2O4 can be produced
during the annealing procedure. Moreover, the formation ofCo oxides is favored compared
to metal Co clusters for annealing in air. When heating the sample, the Co available on the
surface and Co migrating to the surface of the nanocrystals due to the temperature effect
are oxidized. This Co oxide formation can be observed after the first annealing step for
the samples with concentrations>3 at.%. In the second annealing step, the temperature
is higher than 700◦C for some hours before reaching 900◦C, so most of the available
Co is transported to the surface and oxidized. A temperature of 900 ◦C is higher than the
reduction temperature of Co3O4 into CoO [O’Neill 1985]. Therefore, the disappearance of
the Co3O4 vibration modes after the second annealing process for the sample with 7 at.%
Co corresponds to Co3O4 reduction. For this layer, all available Co was oxidized as well
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Figure 5.31: Raman spectra of the Zn0.88Co0.12O layer: (a) resonance behavior studied by
varying excitation wavelengths (457.9 nm≤ λ ≤ 514.5 nm),(b) micro-Raman scattering
analysis of different sample surface spots (excitation:λ = 514.5 nm).

as all formed Co3O4 was reduced to CoO. That means, there is no Co available for the
formation of new Co3O4 during the cooling process, when the temperature is within the
Co3O4 formation range for several hours. The strong decline in intensity of the 650 cm−1

to 720 cm−1 band during the 900◦C annealing could be due to the reduction of ZnCo2O4.
The origin of this band (CoO or ZnCo2O4) is addressed in more detail later. The layer
with 12 at.% Co still shows formation of Co3O4 in the cooling period after the second an-
nealing: The migration process of Co to the nanocrystalline surface is still not completed
after the two annealing steps for this sample with the highest Co concentration. These find-
ings concerning the formation and reduction of cobalt oxides on the surface of Zn1−xCoxO
layers are in agreement with XRD studies on similar ZnCoO nanocrystals [Bhatti 2007].
The micro-Raman method gives the opportunity to analyze surfaces with spatial resolution,
though in this case with a laser spot of about 1µm there is an averaging over an ensemble of
nanocrystallites. The strongest surface inhomogeneity inthe corresponding Raman spectra
was seen in the 12 at.% Co sample after the 900◦C annealing. As Figure 5.31b shows, the
Co oxide concentration varies for different spots (1, 2, 3) onthe sample. Interestingly, the
broad signal at about 650 cm−1 to 720 cm−1 shifts between spot 1, where the ZnO modes
are still strong, and spots 2 and 3, where the Co oxide signals dominate. This could reflect
the transition of the Co oxide vibrations from ZnCo2O4 to CoO character. The shift is in
accordance with literature data for CoO and ZnCo2O4 [Gallant 2006, Samanta 2006].
The formation of Co-related secondary phases has an important impact on the magnetic
properties of ZnCoO, as CoO and Co3O4 are anti-ferromagnetic or paramagnetic, and
metal Co is ferromagnetic. The magnetic properties of the samples were determined by
SQUID measurements [Zhou 2007/1]. While the 3 at.% and 5 at.% samples showed para-
magnetic signals at room temperature, a weak ferromagneticsignal was observed for the 7
at.% and 12 at.% samples after 700◦C annealing. The latter may be attributed to elemen-
tal Co clusters dominating the magnetic properties of the layers with high concentrations
although they could neither be identified by Raman scatteringnor by XRD experiments.
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Still, nanocrystalline precipitates of elemental Co could be below the sensitivity of both
Raman scattering and conventional XRD.
Compared to the implanted layer discussed above, the secondary phase formation occurs
for much lower concentrations in these nanocrystalline layers (xnano ≥ 5 at.% compared
to ximpl ≥ 32 at.%). In similar Zn1−xCoxO nanocomposites prepared by a sol-gel method
and studied by XRD and XAFS (X-ray absorption fine structure spectroscopy), mainly
substitutional Co incorporation was found below 5 at.%, but Co3O4 precipitation started
at x≥ 10 at.% [Shi 2007]. This lower solubility limit of Co in ZnO nanostructures com-
pared to bulk ZnO can be attributed to the strong self-purification tendency of such systems
due to their reduced dimensionality and large surface-to-volume ratio [Dalpian 2006]. The
migration process of Co ions to the surface, especially during annealing, is energetically
favored and its subsequent oxidation leads to more pronounced secondary phase formation
in nanocrystalline material.
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Figure 5.32: Raman spectra of Fe-implanted ZnO samples of different concentrations after
700 ◦C annealing indicate precipitate formation for concentrations> 8 at.% (excitation:
λ = 514.5 nm).

5.4 Iron-alloyed ZnO

Fe-alloyed ZnO Fabrication Fe concentration

layers hydrothermally grown ZnO impl. with Fe 2-32 at.%

Table 5.5: Overview of the Fe-alloyed ZnO samples presented in this thesis.

Hydrothermally grown ZnO crystals were implanted with Fe concentrations from 2
at.% up to 32 at.%. For 8 at.% Fe and after 700◦C annealing in air, the Raman spectrum
is shown in Figure 5.32. The dominating E2(high) mode and the weak A1(LO) disorder
band between 550 cm−1 and 600 cm−1 indicate that most implantation damage was healed
by the thermal treatment. No secondary phases or additionalmodes are visible. This is in
accordance with the results for Mn-, Co-, and Ni-implanted ZnO of low TM concentrations.

To study the influence of the annealing environment on the secondary phase formation,
both annealing in air and vacuum annealing were conducted for the samples with high Fe
concentrations. For annealing in air, secondary phases were detected after thermal treat-
ment with 700◦C for all Fe-implanted samples with concentrations≥16 at.% (Figures 5.32
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Figure 5.33: Raman spectra of different spots on the 32 at.% Fe-implantedZnO sample
after 700◦C annealing (excitation:λ = 514.5 nm). The optical microscope pictures show
strong inhomogeneities in the studied surface regions. Raman spectra from bottom to top:
laser focused on (A) completely peeled-off surface region,(B) partly peeled-off surface
region, (C) intact surface region, and (D) peeled-off samplepiece (inset).

and 5.33). In contrast to the Mn- and Co-implanted samples, however, the observed broad
and unstructured Raman bands complicate a clear identification. Within a broad band rang-
ing from 500 cm−1 to 700 cm−1, features occur which were not observed for the samples
with Fe concentrations<16 at.% nor for annealing<700 ◦C. Their frequencies lie in the
spectral region of strong Fe3O4 and FeO modes [Chourpa 2005, De Faria 1997]. However,
no clear Raman signature is visible, which indicates the absence of well-ordered, stoichio-
metric Fe oxides.
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In detailed lateral mapping, already the Raman spectra of thesamples implanted with 16
at.% and 24 at.% Fe indicate secondary phase formation with abroad Raman band be-
tween 600 cm−1 and 700 cm−1 (Figure 5.32). Nevertheless, they still exhibit a nearly
homogeneous surface with only few minor inclusions. These inclusions turned out to be
very sensitive to optical irradiation. This poor thermal stability implies that part of the
phase formation took place during the cooling down of the sample after annealing. For the
sample implanted with 32 at.%, the high implantation dose combined with 700◦C thermal
treatment lead to destruction of large parts of the surface.After the annealing, the surface
is characterized by intact regions as well as partly or completely destroyed regions due
to peeled-off surface pieces (Figure 5.33). Raman spectra taken in regions where the sur-
face was completely peeled off correspond to pure ZnO. In thespectra of partly destroyed
surface regions, a broad feature occurs, which may correspond to non-stoichiometric Fe
oxides as discussed above, and is also observed for a peeled-off surface piece (see inset in
Figure 5.33).

30 40 50 60 70 80

50 52 54 56 58 60

ZnFe2O4

511

*

N
or

m
al

iz
ed

 C
ou

nt
s 

[a
.u

.]

ZnO
0004

 

N
or

m
al

iz
ed

 C
ou

nt
s 

[a
.u

.]

2  [deg.]

*

ZnO
0002

a
ZnFe2O4

       511

1,9 2,0 2,1 2,2 2,3

2,32 2,34 2,36
 

  

 

  ZnO substrate  

 

in
te

ns
ity

 (a
rb

.u
.)

photon energy (eV)

  16 at.% Fe
  24 at.% Fe
  32 at.% Fe

ZnO implanted with

phononsb

Figure 5.34: (a) XRD diffractogram of 32 at.% Fe-implanted ZnO. Besides the 0002 and
0004 Bragg peaks of the ZnO host, two additional features are observed. The peak marked
with an asterisk corresponds to the quasi-forbidden 0003 reflex of ZnO. The other addi-
tional feature is assigned to the 511 Bragg peak of ZnFe2O4, reported in [JCPDS 1997].
(b) Photoluminescence spectra of 16 at.%, 24 at.%, and 32 at.% Fe-implanted ZnO as well
as pure ZnO substrate for comparison (excitation:λ = 514.5 nm). Besides the Raman
features near the excitation energy of 2.41 eV, a broad luminescence is observed in the
implanted systems, which can be identified as the green defector impurity band of ZnO.

The ZnO 0002 (34.4◦) and 0004 (72.6◦) reflections as well as the quasi-forbidden 0003
peak at about 52.8◦ are observed in the diffractogram in Figure 5.34a. An additional peak
occurs at about 56.8◦ which presumably corresponds to the strong 511 Bragg peak (56.63◦)
of ZnFe2O4 [JCPDS 1997]. From XRD, an average lattice constant of a = 8.4Å is deduced
for the secondary phases. Assuming the formation of oriented spinel structures on ZnO,
the resulting lattice deviation of about 6% may explain the described surface effects, not
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observed for samples implanted with Mn, Co, or Ni ions. With the Scherrer equation
[Scherrer 1918], an estimated size of about 12 nm was calculated for the segregations.
The corresponding higher-angle peaks lie outside the accessible angle range of the used
XRD setup. However, zinc ferrite precipitates have been reported as secondary phase in
Fe-alloyed ZnO [Zhou 2007/2].
As shown in subsection 5.2.1, already the ZnO host crystals show luminescence features
attributed to residual Fe ions. For the highly Fe-implantedZnO samples, an additional
broad luminescence could be identified between the green andthe red spectral range (Fig-
ure 5.34b). The 514.5 nm line of the Ar ion laser was used for excitation, and therefore, the
fine structure in the spectra between 2.25 eV and 2.4 eV corresponds to the phonon Raman
signals of the implanted systems. In contrast, the broad luminescence between 1.8 and 2.2
eV is not present in the pure ZnO crystal and therefore related to the implantation. As both
features are especially strong for the 16 at.% Fe concentration, they are not related to the
identified secondary phases which are stronger for the higher concentrations. Hence, it is
attributed to the green luminescence of ZnO, which is reported to be due to either intrinsic
ZnO defects or impurities in ZnO (subsection 3.1.3).

Figure 5.35: High-resolution TEM pictures of secondary phase clusters on the surface of
the 32 at.% Fe-implanted sample after 900◦C annealing in air.

As for the highly Mn-implanted ZnO crystals, additional HRTEM and EDX line scan
experiments were conducted for the 32 at.% Fe-implanted ZnOcrystal after 900◦C anneal-
ing in air. The experimental details of these methods were described in subsection 5.2.1.
Figure 5.35 shows TEM pictures of secondary phase clusters,which are again elongated
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Figure 5.36: Raman spectra of Fe-implanted ZnO crystals with concentrations between 8
at.% and 32 at.% after vacuum annealing (excitation:λ = 514.5 nm). For comparison,
the spectrum of 32 at.% Fe-implanted ZnO annealed in air is shown. The inset shows the
homogeneous surface of the vacuum-annealed 32 at.% sample.

and aligned to the subjacent ZnO host crystal and have sub-µ size. The strong variation of
the contrast is due to structural disorder of the implanted ZnO. As in the case of the 32 at.%
Mn-implanted samples, EDX line scans confirm a substantially higher TM concentration
within the secondary phase clusters.
The identified, strong TM oxide formation is expected to be atleast partly caused by the
presence of oxygen during annealing in air. To verify this effect, also high vacuum an-
nealing experiments were performed with Fe-implanted ZnO samples (2 at.% - 32 at.%)
for comparison. The samples were fabricated exactly as the samples described above. In
addition, also the vacuum annealing was performed exactly as the annealing in air, i.e. with
a duration of 30 min and a temperature of 700◦C. Already under the microscope, a signif-
icantly better surface quality is observed, even for the 32 at.% implanted sample (inset in
Figure 5.36). This is in contrast to the partial surface destruction after annealing in air (Fig-
ure 5.33). Furthermore, the Raman spectra indicate a reducedsecondary phase segregation
in Figure 5.36. From pure ZnO to 24 at.% Fe-implanted ZnO, only slight changes are visi-
ble in the Raman spectra of the vacuum-annealed samples. Onlythe 32 at.% Fe-implanted
sample shows Raman features similar to the secondary phase signals discussed above. Still,
their intensity is weaker than in the spectrum of the 32 at.% air-annealed sample. In sum-
mary, the vacuum annealing proves to be the method with better resulting surface quality
and less pronounced secondary phase segregation, but the formation of Fe-related oxides
is still not completely suppressed for high concentrations.
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Figure 5.37: (a) Raman spectra of 2 at.%, 4 at.%, and 8 at.% Ni-implanted ZnO after 700
◦C annealing, intensity normalized to the E2(high) mode (excitation:λ = 514.5 nm). The
intensity of the A1(LO) disorder band scales with the Ni concentration.(b) Raman spectra
of 32 at.% Ni-implanted ZnO after different annealing steps show increasing healing effects
with increased temperatures but no precipitate formation even after 700◦C (Note the XRD
results of the sample!). Spectra from top to bottom: no annealing, after annealing at 500
◦C, and after annealing at 700◦C (excitation:λ = 514.5 nm).

5.5 Nickel-alloyed ZnO

Ni-alloyed ZnO Fabrication Ni concentration

layers hydrothermally grown ZnO impl. with Ni 2-32 at.%

Table 5.6: Overview of the Ni-alloyed ZnO samples presented in this thesis.

Ni-alloyed ZnO was studied in the form of implanted samples with Ni concentrations
between 2 at.% and 32 at.%. For the samples implanted with≤8 at.%, no secondary phases
could be identified by Raman scattering in Figure 5.37a. The corresponding spectra show
the ZnO E2(high) and E2(high)-E2(low) modes, and additionally the A1(LO) disorder band.
The intensity of the disorder band scales with the Ni concentration.

Also for the Ni-implanted samples with higher concentrations, no secondary phases
could be detected by the means of Raman spectroscopy even for 32 at.% and after an-
nealing at 700◦C, see Figure 5.37b. The intensity of the A1(LO) disorder band shows a
substantial decrease with increasing annealing temperatures, reflecting the improved crys-
talline quality of the ZnO host crystal upon annealing. Withoptical microscopy (50x), an
intact surface is found for all concentrations and annealing treatments and no inclusions
are resolved on the surface.
In contrast, additional features occur in the XRD measurements of all Ni-implanted sam-
ples with Ni concentrations≥ 16 at.% at about 37.1◦, 44.4◦, and 79.1◦, which can be as-
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Figure 5.38: XRD diffractogram of the 32 at.% Ni-implanted ZnO sample. Besides the
0002 and 0004 Bragg peaks of the ZnO host, four additional features can be observed. The
peak marked with an asterisk corresponds to the quasi-forbidden 0003 reflex of ZnO. The
other additional features correspond to the 111 and 222 Bragg peaks of NiO and the 111
peak of elemental cubic Ni, reported in [JPCDS 1997].

signed to NiO and elemental Ni. The strong 111 and 222 Bragg peaks of NiO are reported
at 37.25◦ and 79.41◦ [JCPDS 1997], respectively, corresponding well to the observed peaks
at about 37.1◦ and 79.1◦. The third additional feature at 44.4◦ is attributed to the strong
111 Bragg reflection of cubic Ni at 44.51◦ [JCPDS 1997]. The 01̄11 Bragg peak of hcp Ni
also lies near this position, but elemental Ni crystallizesin cubic form in ambient condi-
tions. Moreover, the formation of cubic Ni in Ni-alloyed ZnOwas reported before [Potzger
2008, Zhou 2008/1]. The grain size of the Ni and NiO precipitates in the samples studied
for this thesis could be estimated to about 5 nm and 9 nm, respectively [Scherrer 1918].
The identified secondary phases are in accordance with the absence of secondary phase
peaks in the Raman spectra. For the cubic phases Ni and NiO in their stoichiometric form,
no Raman-active phonon modes are allowed. Raman scattering from NiO magnons can
only be observed in low temperature experiments [Dietz 1971].
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Figure 5.39: (a) Raman spectra of 2 at.%, 4 at.%, and 8 at.% V-implanted ZnO after 700
◦C annealing, normalized to the E2(high) mode (excitation:λ = 514.5 nm). (b) Raman
spectra of 8 at.% V-, Fe-, Ni-, and Co-implanted ZnO after 700◦C annealing, intensity
normalized to the E2(high) mode (excitation:λ = 514.5 nm).

5.6 Vanadium-alloyed ZnO

V-alloyed ZnO Fabrication V concentration

layers hydrothermally grown ZnO impl. with V 2-8 at.%

Table 5.7: Overview of the V-alloyed ZnO samples presented in this thesis.

For this thesis, vanadium-implanted ZnO crystals with V concentrations≤8 at.% were
studied (Table 5.7). No secondary phases or additional modes could be identified in the
Raman spectra of these samples. Once more, the most prominentfeatures in Figure 5.39a
are the ZnO E2(high) mode and the broad disorder band between 500 cm−1 and 600 cm−1.
Nevertheless, there are differences to the Raman spectra of the systems implanted with
other TM ions. Figure 5.39b shows the Raman spectra of 8 at.% V-implanted ZnO com-
pared to 8 at.% Fe-, Ni-, and Co-implanted ZnO. Obviously, themaximum in the A1(LO)
region is red-shifted by about 10 cm−1 in the case of V. Such a shift was already identi-
fied and discussed in the case of unannealed, heavily implanted ZnO (section 5.1) and was
attributed to reduced symmetry due to structural defects. The V-implanted ZnO systems
were additionally studied in a depth profile series (Figure 5.40). The method is described
in subsection 5.2.1. With the focus being deep within the sample (-22.5µm), the Raman
spectrum of the pure ZnO substrate is observed. When it is moved from this position to-
wards the surface of the sample (0µm), a strong background occurs, reflecting the phonon
DOS [Serrano 2004]. This background is much stronger than inthe case of the other TM
species (Figure 5.39b) and rises with the V concentration (Figure 5.39a). This also in-
dicates an especially strong crystal disorder due to the V incorporation. Since V has the
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lowest mass of the studied TM ions, this can not be due to the implantation damage. On
the other hand, the V mass shows the biggest difference of allstudied TM ions with respect
to the substituted Zn atoms (mV ≈ 0.78 mZn). Hence the observed Raman scattering prop-
erties, namely a strong background as well as a 10 cm−1 shift of the A1(LO) signal, can be
attributed to the structural disorder caused by the different cation masses of V and Zn.
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Figure 5.40: Series of Raman experiments for 8 at.% V-implanted ZnO usingdifferent
focus depths. Negative values correspond to a focus within thesample, zero to the sample
surface, and focus positions above the sample surface are denoted with positive values.
The spectra were taken after 700◦C thermal annealing and are normalized to the E2(high)
mode (excitation:λ = 514.5 nm).
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5.7 Conclusion

TM-alloyed ZnO bulk, layer, and nanocrystalline systems with varying TM concentrations
and fabricated by different growth processes were studied by Raman scattering and com-
plementary methods. In this section, the results are evaluated with respect to the potential
applications of such systems (subsection 3.2.2).
For all studied TM species, implanted layers were available, which allow controllable TM
concentration and distribution within the implanted layers. On the other hand, crystal disor-
der induced by the implantation is inevitable, and thermal treatment becomes necessary. At
low concentrations≤8 at.%, most implantation damage could be healed with an annealing
temperature of 700◦C, and no secondary phase formation could be observed. Hence,sam-
ples without precipitates could be realized with lower TM concentrations≤8 at.%, where
also the implantation damage is comparatively low and annealing temperatures<700 ◦C
are sufficient. Another technological improvement could bethe use of vacuum annealing.
In high vacuum annealing experiments with 32 at.% Fe-implanted ZnO, systems with a
significantly better surface quality and less pronounced secondary phase formation were
achieved. However, the formation of Fe-related precipitates was still not completely sup-
pressed for this concentration, even after vacuum annealing.
Clear results were achieved for the ZnO crystals implanted with TM concentrations of 16
at.% to 32 at.% after annealing in air. While even for the highest implantation doses the
ZnO surface retained its wurtzite character, formation of elemental TM and TM oxides
occurred for all studied TM species after the thermal treatment. Some identified and other
potential secondary phases are listed in Table 5.8 togetherwith their magnetic properties.
Already small and local inclusions can strongly influence the magnetic properties of such
systems. The local distribution of the phase formation on the surface strongly depends
on the TM type and concentration. For example, the largest studied concentration of 32
at.% results in a surface peel off in the case of Fe, but in a homogeneous distribution of
secondary phase islands in theµm range for Mn. In several samples with small local
precipitates, no secondary phases could be detected by XRD. On the other hand, Raman
spectroscopy fails at the identification, for example, of elemental Ni clusters, which were
detected by XRD. Hence, a combination of both methods proves to be necessary for the
analysis of secondary phase formation in TM-implanted ZnO.
Promising systems were the studied Co-alloyed MBE layers. Ferromagnetism at room tem-
perature was reported for low concentrations and no secondary phases could be identified
by Raman scattering and XRD. However, the existence of elemental Co clusters or CoO
inclusions can not be excluded. Moreover, it should be notedthat ferromagnetic behavior
was found in Co-implanted ZnO layers with concentrations of 3-5 at.% and after 700◦C
annealing, which could be assigned to the formation of elemental Co nanocrystal clusters
within the implanted layer [Norton 2003]. Such elemental nanoclusters could be below the
sensitivity of the Raman and XRD experiments of this thesis.
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secondary phase magnetic ordering reference

Mn (clusters) Paramagnet, (Superpara-) [Knickelbein 2001]
MnO Antiferromagnet [Ip 2003]
MnO 2 Antiferromagnet [Ip 2003]
Mn 3O4 Ferrimagnet [Zheng 2004]
ZnMn 2O4 Ferrimagnet [Zheng 2004]
Co (clusters) Ferromagnet, (Superpara-)[Billas 1994, Park 2004]
CoO Antiferromagnet [Zhou 2007/1]
Co3O4 Antiferromagnet [Zhou 2007/1]
ZnCo2O4 Paramagnet [Kim 2004]
Fe (clusters) Ferromagnet, (Superpara-)[Billas 1994]
Fe3O4 Ferrimagnet [Zhou 2007/2]
ZnFe2O4 (nanocry.) Ferrimagnet [Zhou 2007/2]
ZnFe2O4 (bulk) Antiferromagnet [Zhou 2007/2]
Ni (clusters) Ferromagnet, (Superpara-)[Billas 1994, Slater 1936]
NiO Antiferromagnet [Kodama 1997, Roth 1958]

Table 5.8: Magnetic properties of identified or potential secondary phases in TM-alloyed
ZnO.

For Co- and Mn-alloyed ZnO, polycrystalline bulk samples were available grown by
a VPT technique. Their concentration is found to be hard to control and inhomogeneous,
and their crystal orientation is undefined. While no secondary phases could be identified
for these samples with concentrations≤5 at.% by XRD and by room temperature Raman
scattering, magnons of CoO and electronic Raman scattering due to Co2+ ions in CoO
were observed in low temperature Raman experiments of the Co-alloyed bulk samples.
The reason of the TM oxide formation at such low concentration can be attributed to the
VPT growth technique.
ZnO:Mn nanoparticles and ZnO:Co nanocrystalline layers were fabricated to study the ef-
fect of TM alloying on low-dimensional ZnO systems. It was found that in a wet-chemical
synthesis the resulting position of added TM ions is hard to control and therefore TM
clustering with the organic capping molecules becomes a risk. Even if the TM ions are in-
corporated in the nanocrystalline core, the results on ZnO:Co nanocrystalline layers show,
that the self purification tendency of such nanosystems leads to secondary phase formation
already at low TM concentrations. Thus, the room temperature ferromagnetism of these
layers observed for higher concentrations is most likely due to elemental Co clusters.
Besides the identification of secondary phases, also indications of substitutional TM incor-
poration were found. In the case of Mn, for example, a potential candidate for an isolated
impurity mode was identified and the EPR signature of substitutional Mn incorporation
was observed. In addition, the luminescence of tetrahedrally coordinated Co2+ ions was
observed in the red spectral range for all Co-alloyed samples.

In summary, the magnetic properties of the studied TM-alloyed ZnO systems are often
dominated by secondary phases. In Figure 5.41, the solubility limits for the TM-alloyed
samples in this thesis are displayed. Obviously, the onset of secondary phase formation is
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Figure 5.41: Observed solubility limits of the TM-alloyed ZnO systems studied for this
thesis. Green circles denote samples where no secondary phases were detected by Ra-
man scattering and the applied complementary methods. Samples with only few localized
secondary phase inclusions are labeled with yellow circles.Red circles, finally, are used
for strong secondary phase formation. Additionally, reported solubility limits for the TM
species are drawn in the diagram with vertical lines: blue lines are used for the solubility
limits reported for MBE samples [Jin 2001], orange lines correspond to the solubility lim-
its of TM-alloyed ZnO fabricated by a solid-state reaction technique [Kolesnik 2004]. In
the case of the TM-implanted samples and the nanocrystalline ZnCoO layers, this diagram
shows the secondary phase properties after 700◦C annealing.

not only determined by the TM species and concentration, butalso by the sample dimen-
sionality and the fabrication process. While it is still plausible that there are substitutional
TM ions on Zn sites in all samples, the origin of reported ferromagnetism at room tem-
perature is ambiguous, especially for low-dimensional systems and systems with high TM
concentrations>10 at.%. Such magnetic findings have to be supplemented with results on
the actual TM ion position and on the presence of secondary phases, using methods with
high sensitivity for very small inclusions, especially of elemental TM clusters and TM ox-
ides. Recently, these findings were confirmed by similar studies at the Forschungszentrum
Dresden-Rossendorf, where nanocrystalline secondary phase inclusions were identified in
Mn-, Fe-, Co-, and Ni-alloyed ZnO and conventional XRD alone was found to be not suffi-
cient for the identification of such precipitates [Zhou 2008/1, Zhou 2008/2, Zhou 2008/3].



Chapter 6

Nitrogen-doped ZnO

The technical issues of p-type doping of ZnO and its importance for (opto-)electronic ap-
plications were discussed in subsection 3.2.1. One promising acceptor candidate is sub-
stitutional nitrogen on oxygen sites (NO), which was already successfully employed for
the fabrication of ZnO-based blue LEDs [Tsukazaki 2004]. For studying the structural
properties of doped ZnO, Raman spectroscopy is one of the mostcommonly used charac-
terization methods. Several additional Raman modes were observed in the Raman spectra
of N-doped ZnO [Wang 2001]. Subsequently, various other Raman studies on ZnO with
incorporated nitrogen were published. However, the originof these modes is still ambigu-
ous and strongly disputed.
For the studies in this thesis, nitrogen incorporation intoZnO was achieved by ion implan-
tation (section 6.1) and during MBE growth (section 6.2). Themain question is whether
the additional vibration modes are local modes of substitutional nitrogen on oxygen sites
or if they correspond to disorder-induced Raman scattering.For this reason, a systematic
Raman investigation was performed, whose results will be discussed in detail in this chap-
ter. The additional modes as well as the structural impact ofnitrogen incorporation on
the ZnO crystal are studied and the samples fabricated by implantation and by epitaxial
growth are compared. All Raman scattering experiments discussed in this chapter were
conducted in micro-Raman configuration at room temperature with the 514.5 nm line of an
argon ion laser. The used scattering configuration was 180◦ backscattering with incident
and scattered light directions along the ZnO c-axis where not stated otherwise.
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Figure 6.1: (a) Photoluminescence spectrum of ZnO implanted with 0.032 at.%N, show-
ing a strong donor-acceptor pair transition band at about 3.23 eV and the corresponding
phonon replica (excitation:λ = 325.0 nm).(b) The Raman spectra of 0.005 at.% and 0.05
at.% nitrogen-implanted ZnO (after annealing) are nearly identical to the spectrum of pure
ZnO (excitation:λ = 514.5 nm).

6.1 Nitrogen doping of ZnO by ion implantation

6.1.1 Experimental results

Hydrothermally grown ZnO single crystals from CrysTec (Berlin) with (0001) orientation
were implanted with nitrogen ions. The implanted N concentrations studied for this thesis
are 0.005 at.%, 0.032 at.%, 0.05 at.%, 1 at.%, 2 at.%, and 4 at.% relative to O within a
box-like implantation profile of about 200-300 nm. 0.005% relative to O, for example,
corresponds to a volume density of about 2 x1018 cm−3. After the implantation process, all
samples were annealed at 600◦C in vacuum for 30 min. For the 1 at.%, 2 at.%, and 4 at.%
samples, an additional 800◦C annealing was applied.
The acceptor effect of incorporated nitrogen in ZnO crystals is reflected in their PL spectra
by the occurrence of a donor-acceptor pair (DAP) band [Meyer2004, Reuss 2004, Tamura
2003]. This band corresponds to electron-hole recombinations in donor-acceptor pairs af-
ter optical excitation of a semiconductor above its band gap[Thomas 1964]. As described
in subsection 3.2.1, ZnO crystals are intrinsic n-type and the presence of abundant donor
levels can be expected. Therefore, the intensity of the DAP transitions reflects the number
of acceptor levels created by the nitrogen incorporation. In the PL spectra of as-grown
ZnO, no DAP transitions are observed. In contrast, the DAP band at about 3.23 eV and
its phonon replica occur very strong in the low temperature PL spectrum of the 0.032 at.%
N-implanted ZnO in Figure 6.1a. This spectrum was recorded after 600 ◦C vacuum an-
nealing, which proved to be preferable to annealing in air [Dürr 2008]. The PL experiment
was conducted at 15 K with the 325.0 nm line of a He-Cd laser, which implies strong ab-
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sorbance in the ZnO crystal and therefore high surface sensitivity. While the strong DAP
band intensity confirms the presence of NO acceptors, the systems could not be identified
as p-type because the required transport experiments were complicated by the system ge-
ometry. The properties of the implanted layer of sub-µm depth strongly depend on the
n-type ZnO host crystal. Nevertheless, p-type behavior wasreported for N-implanted ZnO
[Lin 2004, Tsai 2008] and, in any case, these nitrogen-implanted layers are well-suited
model systems to study the optical and structural properties of N-doped ZnO.
In Figure 6.1b, the three Raman spectra of pure ZnO, 0.005% N-,and 0.05% N-implanted
ZnO show the same features. They can all be assigned to the characteristic phonon modes
of pure ZnO presented in subsection 3.1.2: E2(high)-E2(low) at about 332 cm−1, E2(high)
at about 438 cm−1, very weak A1(LO) at about 576 cm−1, and second order features be-
tween 1000 cm−1 and 1200 cm−1. Other weak peaks correspond to multi-phonon modes
as presented in Table 3.1 in subsection 3.1.2. No additionalmodes are observed at such
low nitrogen concentrations. This seems to contradict the findings of Kaschner et al.,
who observed strong additional Raman modes for N concentrations of only 0.0025 at.%
[Kaschner 2002]. However, the wavelength of 514.5 nm used for the Raman scattering ex-
periments implies that the Raman signal is derived not solelyfrom the implanted layer, but
mostly from the underlying intact ZnO crystal. In contrast,the samples used in the work
of Kaschner et al. were grown by chemical vapor deposition and nitrogen is incorporated
throughout the ZnO crystal.
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Figure 6.2: (a) Raman spectra of 1 at.%, 2 at.%, and 4 at.% nitrogen-implanted ZnO
before annealing, compared to pure ZnO (excitation:λ = 514.5 nm). Upon N implantation,
strong additional modes and a broad background signal occurbetween 250 cm−1 and 900
cm−1 and a very broad band evolves between 1000 cm−1 and 1800 cm−1. (b) Raman
spectra of (a) shown in the lower-frequency region. Additional modes (AM) are marked by
vertical lines.

To study the effect of N incorporation on the Raman spectra of the implanted sam-
ples, higher concentrations are required. For this purpose, the 1 at.%, 2 at.%, and 4 at.%
N-implanted ZnO crystals were fabricated. Not only the expected Raman intensity of po-
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tential additional modes is higher due to the increased nitrogen concentration, but also the
relative contribution of the implanted layer to the total Raman signal increases. By compar-
ison with literature data on ZnO implanted with comparable Nconcentrations [Friedrich
2007, Reuss 2004], the sensitivity of the Raman setup used for this thesis is found to be
very competitive. Note that these nitrogen concentrationsare still in an applicable range.
For example, Tsukazaki et al. achieved p-type ZnO with carrier concentration in the 1016

cm−3 range by a nitrogen concentration of about 0.5 at.% [Tsukazaki 2004]. Figures 6.2a
and 6.2b show the 1 at.%, 2 at.%, and 4 at.% N-doped ZnO crystals after implantation and
without thermal annealing compared to pure ZnO. Two frequency regions are especially
affected by the nitrogen implantation: Strong additional modes and a broad background
signal occur between 250 cm−1 and 900 cm−1 and a very broad band evolves from 1000
cm−1 to 1800 cm−1, superimposing the ZnO two-phonon features at 1000-1200 cm−1. Be-
sides the broad signals, sharp additional modes can be identified at about 273 cm−1, 381
cm−1, 509 cm−1, 579 cm−1, and 640 cm−1. Since there are no modes with 273 cm−1,
509 cm−1, and 640 cm−1 in pure ZnO or in ZnO implanted with other ions, these Raman
features can be identified as nitrogen-related. The modes atabout 380 cm−1 and 580 cm−1

are located near the frequency positions of the A1(TO) mode and the A1(LO) mode of pure
ZnO, respectively. In implanted and unannealed ZnO, the crystal disorder can lead to re-
duced symmetry. Therefore, modes can be observed, which aresymmetry-forbidden in the
used scattering configuration. This is possibly the case forthe feature at 380 cm−1, which
could correspond to the A1(TO) mode. Such modes would be expected to disappear after
thermal annealing in contrast to modes related to the incorporated impurities.
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Figure 6.3: (a) Raman spectra of 1 at.%, 2 at.%, and 4 at.% nitrogen-implanted ZnO after
30 min annealing at 600◦C in vacuum, compared to pure ZnO (excitation:λ = 514.5
nm). Again, the additional modes between 250 cm−1 and 700 cm−1 and the broad band
between 1000 cm−1 and 1800 cm−1 occur. The broad band is also indicated in the spectrum
of the pure ZnO sample.(b) Raman spectra of (a) shown in the lower-frequency region.
Additional modes are marked by solid vertical lines, intrinsic ZnO modes are marked by
dotted vertical lines.
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In chapter 5, resonance effects due to disorder-enhanced Fröhlich scattering were ob-
served, especially for LO modes. Therefore, the strong additional mode near the A1(LO)
frequency can hardly be distinguished from the broad disorder band, which was identified
for all implanted and disordered samples in chapters 4 and 5.Again, such a disorder signal
is expected to be strongly reduced by thermal treatment and,therefore, an unambiguous
assignment should be able upon annealing.
Figures 6.3a and 6.3b show the Raman spectra of the 1 at.%, 2 at.%, and 4 at.% N-
implanted samples after 600◦C thermal annealing in vacuum for 30 min. Vacuum anneal-
ing at this temperature was found to be ideal for N activation, as deduced from the DAP
signature in PL experiments [D̈urr 2008]. The feature at about 380 cm−1, observed be-
fore annealing in Figure 6.2, has disappeared and can therefore be attributed to the A1(TO)
mode, which obeys the symmetry selection rules in this more ordered system after anneal-
ing. Moreover, the background in the 500-900 cm−1 region is strongly reduced as it can
be expected for an improved crystalline quality. In contrast, the additional modes at 274
cm−1, 510 cm−1, 582 cm−1, and 643 cm−1 are still clearly observed. The 582 cm−1 mode
near the A1(LO) position is narrower than the disorder band observed inother implanted
systems in the chapters 4 and 5. Moreover it is observed at a slightly higher wavenumber
position (≈ +5 cm−1) than the weak A1(LO) mode in the spectrum of the pure ZnO. This
indicates a different origin of the 582 cm−1 additional mode than the A1(LO) phonon, what
will be confirmed in subsection 6.1.2. The higher-frequencyshoulder of the 643 cm−1 ad-
ditional mode corresponds to a multi-phonon mode of ZnO as indicated by the vertical line
in Figure 6.3b.
The strong band between 1200 cm−1 and 1700 cm−1 is still observed after the 600◦C an-
nealing for all concentrations. However, two shoulders areresolved now in contrast to the
single broad band observed before annealing. Interestingly, this two-shoulder signature is
also indicated in the spectrum of the pure ZnO crystal after 600 ◦C annealing.

The Raman spectra of the 1 at.%, 2 at.%, and 4 at.% samples aftera second annealing
step in vacuum are displayed in Figures 6.4a-c. With 800◦C annealing, the crystal disorder
has been further decreased and substitutional incorporation might be supported. However,
a slight decrease of the DAP intensity was observed in the PL after annealing with temper-
atures higher than 600◦C.
First, the broad structure between 1200 cm−1 and 1700 cm−1 is discussed. Such a structure
was not observed or reported for pure ZnO or nitrogen-doped ZnO. It resembles, however,
the well-known Raman signature of carbonaceous material [Jawhari 1995]. Small carbon
impurities were detected by SIMS measurements, but far below the detection limit of Ra-
man scattering. This holds true even for carbonaceous material, which can show strong
Raman resonance if in graphite or graphene structure (see Figure 2.4 in subsection 2.1.2).
The spectrum of the 4 at.% N-implanted ZnO is shown twice in Figure 6.4a: before and
after surface treatment with ethanol. Obviously, the broadsignal between 1200 cm−1 and
1700 cm−1 has disappeared after this cleaning procedure. Therefore,this signal presum-
ably corresponds to a surface pollution with carbonaceous material. This pollution may be
caused by residua of the carbon pads used to fix the samples during implantation. While
the pads were attached only to the sample backside, the pollution of the surface could have
happened during the removal of the pads in alcoholic solution. Interestingly, this additional
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Figure 6.4: (a) Raman spectra of 1 at.%, 2 at.%, and 4 at.% N-implanted ZnO after
30 min annealing at 800◦C in vacuum, compared to pure ZnO (excitation:λ = 514.5
nm). The spectrum of the 4 at.% sample marked by an asterisk shows the Raman results
after thorough surface cleaning using ethanol. The broad band between 1200 cm−1 and
1700 cm−1 has disappeared after this treatment and is identified as carbonaceous surface
pollution. (b) Raman spectra of (a) shown in the lower-frequency region. Additional modes
are marked by solid vertical lines, intrinsic ZnO modes are marked by dotted vertical lines.
The intensity of the additional modes clearly scales with thenitrogen concentration.(c)
Raman spectrum for the 4 at.% N-implanted ZnO crystal after 800 ◦C and with longer
integration time (excitation:λ = 514.5 nm). A fifth additional mode is resolved at about
860 cm−1. The additional modes are labeled by their vibrational frequencies.
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band was also observed in Figure 6.3a for the pure ZnO sample.This could be caused by
contact of the pure ZnO sample with the implanted samples during sample processing (an-
nealing, storage, transport).
The intensity of the additional modes clearly scales with the N concentration after the 800
◦C annealing (Figure 6.4b). The additional mode at about 582 cm−1, near the A1(LO) mode
position, is not significantly reduced despite the thoroughannealing. This is in contrast to
the behavior of the disorder band in this region observed in the implantation experiments
in the chapters 4 and 5. Relative to the E2(high) modes, the additional modes show slightly
weaker intensity after each annealing step. However, as discussed above, annealing also
improves the transparency of the implanted layers, and therefore, more Raman scattering
signal derives from the substrate below. If this effect is not taken into account, the intensity
reduction of the additional modes with annealing in N-implanted ZnO can result in mis-
leading conclusions, e.g. in [Artus 2007]. In Figure 6.4c, aRaman spectrum of the 4 at.%
N-implanted sample is shown, which was recorded with longerintegration time. Besides
the already mentioned additional modes at about 275 cm−1, 511 cm−1, 582 cm−1, and 644
cm−1, a weak feature occurs at about 860 cm−1. The origin of these five additional modes
is discussed in detail in subsection 6.1.2.
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Additional Raman features (cm−1)
Reference AM1 AM2 AM3 AM4 AM5 p-type

[Wang 2001] 274 508 581 642 857 no
[Kaschner 2002] 275 510 582 643 856 no
[Reuss 2004] 275 508 579 642 - no
[Du 2005] 274 508 580 642 857 yes
[Haboeck 2005] 275 510 582 643 856 no
[Lu 2006] 275 506 579 642 - no
[Tu 2006] 275 508 581 640 854 yes
[Wang 2006/2] 275 504 575 644 - no
[Yu 2006] 275 510 576 640 - no
[Artus 2007] 275 510 580 640 850 no
[Friedrich 2007] 275 510 577 - - no

Table 6.1: Additional modes reported in various Raman studies on N-doped ZnO. The
origin of the additional modes proposed by the authors is indicated by the text color: red
= localized vibration of substitutional nitrogen; blue = intrinsic ZnO modes or nitrogen-
related complexes.

6.1.2 Discussion: Origin of the additional Raman features

The sharp additional modes in N-doped ZnO were reported for the first time in [Wang 2001]
and since then observed for various N-doped systems during the recent years. Table 6.1
summarizes, in chronological order, the reported frequency values of the additional modes
as well as the assignments made by the authors of the most prominent and most recent
publications on this topic. As can be seen, the initial opinion was that the additional modes
correspond to localized vibrational modes of substitutional nitrogen on oxygen sites. In
recent publications, this opinion is not shared. IntrinsicZnO modes or nitrogen-related
complexes are favored for the explanation of these features.

Localized impurity modes due to substitutional nitrogen

After the first report in [Wang 2001], Kaschner et al. provided a first explanation of the
additional modes in N-doped ZnO [Kaschner 2002]. They ascribed all five additional fea-
tures to localized vibrations of nitrogen atoms on oxygen sites and based their suggestion
mainly on two findings: (i) A successful nitrogen incorporation was confirmed by SIMS,
and (ii) the intensity of the additional modes was found to scale with the nitrogen con-
centration. However, both findings would also be consistentwith other explanations, for
example with nitrogen complexes or ZnO defects induced by increasing nitrogen impurity
concentration.
In subsection 2.3.2, theoretical considerations were presented to the question in which fre-
quency regions localized vibrations of impurities can exist without coupling to eigenmodes
of the surrounding crystal lattice. For ZnO, this is possible in the frequency gap between
the acoustic and the optical phonon modes, from about 270 cm−1 to 410 cm−1, and above
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the highest optical phonon mode frequency, i.e. above about600 cm−1. The frequency
positions of the additional modes observed in subsection 6.1.1 are 275 cm−1, 511 cm−1,
582 cm−1, 644 cm−1, and 860 cm−1. Therefore, the feature at about 275 cm−1 could be
a gap mode and the features at about 644 cm−1 and 860 cm−1 could be local vibrational
modes. In contrast, the 511 cm−1 mode is in a frequency region with high phonon density
of states and the 582 cm−1 frequency position is near the LO phonon modes (see subsec-
tion 3.1.2). The mass of the substituting nitrogen atom is about 85% of the oxygen mass.
As a consequence, generally higher vibrational frequencies can be expected compared to
the existing ZnO modes. This contradicts the assignment of the 275 cm−1 feature to a gap
mode of substitutional nitrogen.
In the related host material ZnSe, an experimental proof forlocalized vibrational modes of
nitrogen was presented by the use of infrared absorption [Stein 1994]. ZnSe samples were
implanted with the nitrogen isotope14N and for comparison alternatively with15N. As a
result of the difference in mass, two vibrational frequencies were observed, at about 537
cm−1 and about 553 cm−1. This result is in perfect agreement with the frequency ratio esti-
mated in a diatomic model for localized vibrations of the N isotopes against Zn neighbors,
in which case the relevant parameter is the reduced mass of both constituents [McCluskey
2000]:

νLV M(15N)

νLV M(14N)
∼=

√

µ(14N,Zn)

µ(15N,Zn)
∼= 0.97 ∼=

537 cm−1

553 cm−1
. (6.1)

Analogously, ZnO crystals were implanted with14N and15N ions by Artus et al. and the
frequency positions of the additional Raman features were analyzed [Artus 2007]. With the
factor of 0.97 derived above, the frequency positions of thetwo strongest additional modes
at about 275 cm−1 and 582 cm−1 could be expected to show a red-shift of about 8 cm−1 and
17 cm−1, respectively, for the sample implanted with the15N isotope. Such shifts should
be easily detectable with the typical experimental resolution below 2 cm−1 in conventional
Raman setups. However, no frequency shifts occurred for these two strong modes. The
same behavior was observed for the additional mode at about 510 cm−1. Therefore it is
excluded that the modes at 275 cm−1, 510 cm−1, and 582 cm−1 are localized impurity
modes of substitutional nitrogen. The modes at 644 cm−1 and 860 cm−1 could not be ob-
served in this work due to insufficient sensitivity. Furthermore, as stated above, they lie in
a frequency region which is expected for local impurity modes of nitrogen. On the other
hand, all five additional modes show the same intensity behavior upon annealing and for
increasing nitrogen concentrations. Therefore, the same origin for all additional modes
seems most probable.
Another possibility of localized vibration modes was suggested in [Wang 2006/2]. They
calculated the local phonon density of states (LPDOS) of various possible configurations
in N-substituted ZnO using a real-space approach. A vibrational mode with 275 cm−1 fre-
quency was found in these calculations for a Zn atom if one of its nearest oxygen neighbors
is substituted by nitrogen atoms. This vibration would not contradict the findings in the iso-
tope experiments of Artus et al. because the vibration is localized at a Zn atom. However,
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this theoretical finding regarding the 275 cm−1 mode origin has not been supported exper-
imentally up to now and only covers this single mode.

Nitrogen-related complexes

Since the possibility of localized vibrational modes of substitutional nitrogen on an O
site was ruled out by isotopic studies, an explanation oftenused in literature is the forma-
tion of not further specified nitrogen-related ‘complexes’[Artus 2007, Friedrich 2007]. In
the following, several possible complexes are analyzed with regard to the Raman scattering
results obtained in this thesis.
First, nitrogen-hydrogen complexes are discussed. In N-doped ZnSe, the N-H stretching
and wagging vibrations of nitrogen-hydrogen complexes were observed by Raman scatter-
ing at about 3200 cm−1 and 800 cm−1, respectively [Wolk 1993]. Haboeck et al. observed
several high-frequency Raman features in N-doped ZnO between about 2200 cm−1 and
2300 cm−1, which they assigned to the vibrations of lattice-bound NH3 [Haboeck 2005].
The N-H stretching mode in ZnO:N was reported by Nickel et al.at about 3100 cm−1,
while other modes between 2800 cm−1 and 3000 cm−1 were assigned to C-H vibrations
[Nickel 2003]. In contrast, no additional modes have been observed in the Raman spectra
of N-doped ZnO in this thesis in the frequency range between 2000 cm−1 and 3200 cm−1.
The broad band between 1200 cm−1 and 1700 cm−1 in several spectra of subsection 6.1.1
could be ascribed to carbonaceous surface pollution. In addition, even 30 min annealing at
800◦C did not result in a disappearance of the additional modes, not even a significant in-
tensity decrease could be detected. These findings contradict the involvement of hydrogen,
which is expected to be volatile at such high temperatures and which leads to typical vibra-
tional frequencies much higher than the observed additional modes. The formation of N2
molecules on oxygen sites is not excluded in N-doped ZnO crystals [Lee 2001]. However,
the calculated vibrational frequencies of such substitutional N2 are about 1500 cm−1 and
2150 cm−1 [Limpijumnong 2005]. In the same publication, also the vibrations of NOO are
simulated (950 cm−1 and 1500 cm−1).
In summary, the expected strongest modes for the most probable nitrogen and nitrogen-
hydrogen complexes in ZnO are located at high wavenumber values due to the low masses
of N and H. In these high frequency regions, no indications ofadditional modes are ob-
served in the Raman spectra for this thesis. Thus, it is not likely that the observed additional
modes at low wavenumber values are caused by such complexes.

Disorder-induced Raman scattering

The most widely recognized publication on the origin of the additional Raman modes
in N-doped ZnO is a work by Bundesmann et al. They suggest that the additional modes
correspond to disorder-induced Raman scattering, independent from the species of the
disorder-producing impurity [Bundesmann 2003]. Experimental evidence for this sugges-
tion was presented in form of Raman scattering results on Fe-,Sb-, Al-, Ga-, and Li-alloyed
ZnO. Features near or exactly at the frequency positions of the additional modes were most
strongly seen in the Raman spectrum of Al-alloyed ZnO and in the spectrum of one of the
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two studied Ga-alloyed samples. In addition, smaller features near the discussed wavenum-
ber values were also observed for the Fe- and the Sb-alloyed samples. The Li-alloyed sam-
ple showed no additional modes.
These findings are in marked contrast to the findings of this thesis: Among all ZnO-based
systems with various impurity elements, concentrations, fabrication techniques, and after-
growth treatments, these modes are only seen in nitrogen-doped ZnO systems. Especially,
ZnO implanted with Ar, Mn, Ni, V, Co, or Fe did not reveal any indication of these modes.
These findings are confirmed by numerous Raman studies of otherresearch groups. For ex-
ample, additional modes were observed in N-implanted ZnO, but not in samples implanted
with P, O, Zn [Artus 2007], O, Si, Ga [Yu 2006], Ga [Reuss 2004],and H [Friedrich 2007],
respectively. The implantation and annealing studies in subsection 4.1.1 and section 5.1
demonstrate that a broad and intense band in the LO region is characteristic for disorder-
induced Raman scattering in ZnO, reflecting the phonon density of states and disorder-
enhanced Fr̈ohlich scattering of the A1(LO) mode. In these experiments, no additional
modes are induced by the structural disorder.
How could the findings of Bundesmann et al. be explained in thiscontext? The strongest
additional modes were observed for Al alloying and in one of the ZnO:Ga samples, while
the other Ga-alloyed sample shows much weaker additional mode signature. The difference
between the two Ga-alloyed ZnO crystals was the atmosphere during growth. The sample
with the weak additional modes was grown in oxygen atmosphere, the sample with the
strong additional modes in nitrogen atmosphere. This suggests that nitrogen was acciden-
tally incorporated during growth and induced the strong modes in the respective Ga-alloyed
sample. In addition, Bundesmann et al. can not exclude nitrogen concentrations below 3
at.%. As can be seen from the results in subsection 6.1.1, such concentrations could easily
account for the observed additional modes. The weak additional modes in the Fe-, Sb-, and
Ga-alloyed sample are therefore attributed to unintentional nitrogen incorporation during
growth.
An interesting case is the Al-alloyed sample. It was grown inoxygen atmosphere, but
still shows very strong additional modes at about 276 cm−1, 509 cm−1, 579 cm−1, and
643 cm−1. In contrast to Fe-, Sb-, and Ga-alloyed ZnO, this finding forAl-alloyed ZnO
is confirmed by the experimental studies in [Choopun 2007, Tzolov 2000, Tzolov 2001].
However, no additional modes are observed in other Raman studies on Al-alloyed ZnO
systems, for example in [Behera 2008].
To summarize the experimental situation, the additional modes are reported in most nitrogen-
alloyed ZnO systems, in few studies on Al-alloyed ZnO, and for several alloy elements in
the work of Bundesmann. They are not observed in numerous other studies on disordered
ZnO or ZnO alloyed with other impurities than N or Al. The Ramansignature of the
nitrogen-doped systems does not agree with the Raman spectragenerally seen in disor-
dered ZnO.

Impurity-activated silent modes

Using an ab initio method, Manjon et al. calculated the vibrational frequencies of the
B1(low) and B1(high) mode of ZnO [Manjon 2005]. These modes are silent modes, i.e.
not observable in Raman scattering and infrared absorption under normal conditions. The
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computed vibrational frequencies of B1(low) and B1(high) are 265 cm−1 and 552 cm−1,
respectively. While the frequency of the B1(low) mode agrees quite well with the addi-
tional mode observed at about 275 cm−1, the frequency difference between the B1(high)
calculation and the additional mode at about 582 cm−1 is rather high. Nevertheless, several
arguments support such an assignment. The applied ab initiomethod calculates the A1(LO)
and E1(LO) phonon modes of ZnO with about 550 cm−1 and 560 cm−1, respectively [Ser-
rano 2004], compared to their experimentally observed frequencies of about 574 cm−1 and
590 cm−1, respectively [Cusco 2007]. This underestimation of about 24 cm−1 to 30 cm−1

could explain the frequency discrepancy between the calculated B1(high) mode at about
552 cm−1 and the observed additional mode at about 582 cm−1. Provided that this silent
mode assignment is correct for the 275 cm−1 and 582 cm−1 additional modes, the other
modes could be explained by multi-phonon processes involving the silent modes. Taking
the experimental data, B1(high)+B1(low) could be expected at about 857 cm−1 with much
weaker intensity, in good agreement with the additional mode at about 860 cm−1. The
modes at about 511 cm−1 and 644 cm−1 are assigned to 2xB1(low) and B1(high)+TA. The
experimental data presented in subsection 6.1.1 support this assignment. The two modes
assigned to B1(low) and B1(high) show the strongest intensity. Furthermore, these modes
are narrow compared to the disorder-induced Raman scattering observed in many TM-
alloyed samples in chapter 5. The additional modes persist even after thorough annealing,
which contradicts the hypothesis of pure, structural disorder as origin.
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Figure 6.5: (a) Raman spectra of 0.8 at.% Mn-implanted ZnO without annealing, recorded
in different scattering configurations (excitation:λ = 514.5 nm). The disorder-enhanced
A1(LO) mode is symmetry-forbidden if the directions of incident and scattered light are
perpendicular to the ZnO c-axis, i.e.x(...)x̄. (b) Raman spectra of 4 at.% N-implanted
ZnO after 800◦C annealing, recorded in different scattering configurations (excitation:λ
= 514.5 nm). In both configurations, all additional modes arevisible, including the one
with vibrational frequency similar to the A1(LO) phonon mode.

The assignment of the signal at about 582 cm−1 to the B1(high) phonon mode is not
shared by most publications, where it is assigned to the A1(LO) mode. In fact, the A1(LO)
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mode frequency is very near to this additional feature (about 574 cm−1) and is known to be
sensitive to disorder as shown in chapters 4 and 5. The strongintensity and the frequency
position of this additional mode might suggest that it is theA1(LO) mode of ZnO, disorder-
enhanced by nitrogen incorporation. Friedrich et al., for example, compare nitrogen- and
hydrogen-implanted ZnO without thermal annealing [Friedrich 2007]. In both samples, the
disorder band in the A1(LO) region is observed, in agreement with the implantationstudies
of this thesis (e.g. subsection 4.1.1). From this fact, theyconclude that the additional mode
reported for nitrogen in this region is identical with the A1(LO) mode. As will be shown
in the following, this assignment is quite arguable. The mode is not reduced to nearly zero
despite a thorough annealing at 800◦C. Furthermore, it is narrower than the broad disorder
band.
To clarify the origin of this additional mode at about 582 cm−1, Raman experiments were
conducted with different scattering configurations: (i) incident and scattered light direc-
tions along the ZnO c-axis, i.e.z(...)z̄ and (ii) incident and scattered light directions per-
pendicular to the c-axis, i.e.x(...)x̄. To be sensitive for diagonal as well as off-diagonal
Raman tensor components, no polarization selection of the scattered light was used. The
A1(LO) mode is symmetry-forbidden in bothx(yy)x̄ and x(yz)x̄ configuration [Cusco
2007]. Figure 6.5a shows the Raman spectra of 0.8 at.% Mn-implanted ZnO, recorded in
z(...)z̄ andx(...)x̄ configuration, respectively. This sample was chosen because no sec-
ondary phases are expected or indicated and, in the usual scattering configuration, it shows
the broad band in the A1(LO) region characteristic for disordered ZnO. As expectedfrom
the selection rules, this A1(LO) band is not observed in thex(...)x̄ scattering configuration.
Only the ZnO modes allowed for this symmetry are observed, i.e. the E2(high)-E2(low)
at about 330 cm−1, the A1(TO) at about 377 cm−1, the E1(TO) at about 410 cm−1, and
the E2(high) at about 437 cm−1. These ZnO modes are also observed in thex(...)x̄ con-
figuration for the 4 at.% nitrogen-implanted sample in Figure 6.5b. But in addition, the
modes at about 275 cm−1, 510 cm−1, and 580 cm−1 are visible, too. Therefore, it is clear
that the additional mode at about 580 cm−1 has a different origin than the well-known dis-
order band. Presumably, it is the activated B1(high) and only coincides with the A1(LO)
frequency position.
Besides the observed silent modes and silent-mode-related multi-phonon features, an addi-
tional feature is predicted in [Manjon 2005]. The B1(high)-B1(low) feature can be expected
at about 582 cm−1 minus 275 cm−1, near the E2(high)-E2(low) phonon mode. In fact, the
difference mode can be observed as a lower-frequency shoulder of the E2(high)-E2(low)
mode in Figure 6.5b. A two-Lorentzian fit gives a frequency ofabout 310 cm−1 for this
shoulder assigned to the B1 difference mode. Note that this difference mode is allowed
even in pure ZnO and was observed with very weak intensity in Raman scattering [Cusco
2007].
Further support for the mode assignment comes from the observation of disorder-activated
scattering of B1 silent modes in other wurtzite-type materials such as InN, GaN, AlN [Man-
jon 2005]. As to the reason for the B1 silent mode activation in the case of nitrogen, Man-
jon et al. suggest the strong change of the electronic properties between nitrogen and the
substituted oxygen due to central-cell corrections, whichespecially affect elements of the
first row of the table of the elements. Following this reasoning, the absence of additional
features in the TM-alloyed ZnO systems in this thesis could be explained because Zn is
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substituted by the electronically similar TM elements V, Mn, Fe, Co, and Ni. Tzolov et
al. explained the occurrence of additional modes at about 274 cm−1 and 580 cm−1 in Al-
alloyed ZnO with the carrier introduction by Al doping and attributed the Raman signals
to silent mode activation by electric-field-induced Raman scattering [Tzolov 2000, Tzolov
2001].

Conclusion of the additional mode discussion

To conclude, additional modes were observed in the Raman spectra of nitrogen-doped
ZnO at about 275 cm−1, 511 cm−1, 582 cm−1, 644 cm−1, and 860 cm−1. They are assigned
to the impurity-activated silent modes B1(low) and B1(high) and related multi-phonon
modes. Since they are not observed in other ZnO systems in this thesis, the silent mode
activation can be described as characteristic for nitrogen, but it is not excluded for other
elements. Regarding literature results, another candidatecould be aluminum-doped ZnO,
for example. The mechanism behind the silent mode activation by nitrogen incorporation
stays unclear. Possible directions could be (i) the different electronic properties of nitrogen
and the substituted oxygen or (ii) a correlation with the doping effect of nitrogen on oxygen
sites. If the mechanism is clarified in future work, the additional modes might be used as
confirmation of substitutional nitrogen on oxygen sites. Further insight in the connection
between the additional modes and other structural and optical properties of N-doped ZnO
was achieved in the experiments with MBE-grown samples presented in section 6.2.
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Figure 6.6: Overview over the MBE-grown, nitrogen-doped ZnO samples. MB252 and
MB256 were heteroepitaxially grown on sapphire substrate. The not shown MB254 differs
from MB256 only by the nitrogen concentration (40% and 66%, respectively). MB308 and
MB309 were grown homoepitaxially on Zn-polar and O-polar ZnO substrate, respectively.
MB327 consists of a nitrogen-doped ZnO layer on top of a high-quality ZnO layer, grown
on O-polar ZnO substrate.

6.2 Nitrogen doping of ZnO by epitaxial growth

Nitrogen incorporation by ion implantation, as discussed in section 6.1, induces disorder,
which is known to add to the intrinsic n-type properties of ZnO. Epitaxial growth by MBE,
on the other hand, permits nitrogen incorporation into ZnO without irradiation damage.
In a heteroepitaxial growth series, N-doped ZnO samples were grown on sapphire substrate
with ‘nitrogen concentrations’ nN of 25%, 40%, and 66%, referred to as MB252, MB254,
and MB256, respectively. Additionally, the homoepitaxial samples MB308, MB309, and
MB327 were grown with ‘nitrogen concentrations’ nN from 22% to 33%. For both series,
nN denotes the fraction of nitrogen molecules to the total number of nitrogen and oxygen
molecules in the gas phase: nN = N2 / (N2 + O2). Figure 6.6 shows the designs of these
samples. The not shown MB254 differs from MB256 only by the nitrogen concentration.
All samples were grown at 450◦C. Further details concerning the experimental setup are
provided in [Bakin 2006].
This section again focuses on the additional Raman features of nitrogen-doped ZnO. Fur-
thermore, the influence of the different growth conditions on the structural properties of
the ZnO:N top layers and on the doping effect of nitrogen is studied.
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Figure 6.7: Raman spectra of(a) MB252, grown with 25% nitrogen in the gas phase, and
(b) MB256, grown with 66% nitrogen in the gas phase (excitation:λ = 514.5 nm). The
microscope pictures show the surface spots where the laser wasfocused during the Raman
scattering experiments. The additional modes occur in the spectra recorded with focus on
the dark islands and are related to activated B1 silent modes of ZnO. Signals marked by an
asterisk come from the sapphire substrate.

6.2.1 Nitrogen-doped ZnO, grown by heteroepitaxy

Before the spectroscopy experiments, the surface topology of the heteroepitaxially grown
samples MB252, MB254, and MB256 were studied by optical microscopy (50x). The
surface of MB252, grown with 25% nitrogen in the gas phase, is mostly homogeneous with
only few dark spots ofµm size. This changes with increasing N concentration in the gas
phase. The density of the black spots increases from MB252 to MB254 (40%), and from
MB254 to MB256 (66%). Surface pictures of MB252 and MB256 are shown in Figure 6.7,
together with micro-Raman scattering results recorded while focusing on different spots of
the sample surface. Besides the well-known ZnO phonon modes,the Raman spectra of
the dark spots exhibit strong additional modes at about 274 cm−1, 510 cm−1, 581 cm−1,
643 cm−1, and 856 cm−1, which were identified as activated B1 silent modes and their
corresponding multi-phonon processes in section 6.1. The inhomogeneous broadening
of the mode at about 581 cm−1 and the strong background between 400 cm−1 and 700
cm−1, especially in MB256, strengthen the impression of a poor structural quality within
these spots. The spectra taken with focus on the surroundingsurface show no additional
features, but only ZnO phonon modes. Nevertheless, the occurrence of the A1(TO) mode
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at about 378 cm−1 and the rather strong A1(LO) mode at about 577 cm−1 indicate reduced
structural quality in these regions as well. In the used 180◦ backscattering configuration
with incident and scattered light directions along the ZnO c-axis, the A1(TO) is symmetry-
forbidden and the A1(LO) is usually observed with very weak intensity in well-ordered
ZnO [Cusco 2007]. Note that the A1(TO) occurs even stronger in the spectra taken with
focus on the dark islands. These findings show that, under theused growth conditions,
nitrogen incorporation is inhomogeneous and induces significant disorder in the ZnO:N
top layer. The disorder clearly scales with the used nitrogen concentration in the gas phase.
The additional modes are only seen when focused on the dark spots, indicating a stronger
nitrogen incorporation than in the surrounding surface regions. To further study this aspect
and in order to fabricate ZnO:N samples with improved structural quality, homoepitaxial
samples were grown, which will be discussed in subsection 6.2.2.
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Figure 6.8: (a) Raman spectra of MB308 and MB309, compared to pure ZnO substrate
(excitation:λ = 514.5 nm). Both samples were grown with 33% N in the gas phase, MB308
on Zn-polar ZnO substrate, MB309 on O-polar substrate. For MB308, additional modes
are observed, indicating nitrogen incorporation.(b) Raman scattering on the different lay-
ers of MB327 (excitation:λ = 514.5 nm). The spectra of the O-polar ZnO substrate, the
high-quality ZnO buffer layer, and the ZnO:N top layer are identical within the experimen-
tal sensitivity. In particular, no additional modes are observed in the top layer, despite 22%
nitrogen in the gas phase.

6.2.2 Nitrogen-doped ZnO, grown by homoepitaxy

For the samples MB308 and MB309, a ZnO:N top layer was grown directly on Zn-polar
and O-polar ZnO, respectively. For both samples, a nitrogenconcentration in the gas phase
of 33% was chosen. In the microscope pictures (50x), the surfaces of both samples were
found to be homogeneous. In particular, no dark islands wereobserved as seen on the
surface of the heteroepitaxial samples in subsection 6.2.1. Nevertheless, huge differences
occur in the Raman spectra of the samples, as shown in Figure 6.8a. While the spectrum
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of MB309 only reveals the Raman features of pure ZnO, the additional, B1-related modes
are observed at about 274 cm−1, 510 cm−1, 580 cm−1, and 644 cm−1 for MB308. In both
samples, no symmetry-forbidden modes occur.
To evaluate these findings, the results of transport experiments are taken into account. The
top layer of MB309 shows n-type conductivity like undoped ZnO. In contrast, the ZnO:N
layer on top of MB308 is semi-insulating, indicating that thenitrogen incorporation led
to a compensation of the ZnO-intrinsic donor levels. This partly successful doping is ac-
companied by the occurrence of the additional Raman features. This may indicate that the
additional Raman modes could be suited to test substitutional nitrogen incorporation after
all. However, the mechanism behind the activation of the silent B1 modes should be under-
stood in advance.
In addition, it can be stated that growth of ZnO:N layers on Zn-polar substrate is the more
promising growth procedure. In this context, Lautenschlaeger et al. recently reported that
the structural quality of ZnO epilayers grown on Zn-polar and O-polar ZnO substrate show
equivalent structural properties within the experimentalsensitivity of AFM and XRD, but
differ in the optical properties [Lautenschlaeger 2008]. Additional excitonic recombina-
tions in low temperature PL spectra (excitation 325 nm) indicate a higher degree of unin-
tentional impurity incorporation for growth on O-polar substrate.
To further study the influence of the ZnO substrate polarity,MB327 was grown on O-polar
ZnO substrate, but with a high-quality ZnO buffer layer. This buffer layer has a very low
defect density and a n-type carrier concentration below 1016 cm−3. No significant inhomo-
geneities were resolved with 50x optical microscopy on the surface of the ZnO:N top layer.
Figure 6.8b shows the Raman spectra taken on the ZnO substrate, on the ZnO buffer layer,
and on the ZnO:N top layer, respectively. Within the experimental error of the applied
Raman scattering method, no differences are observable in these spectra. The narrow peak
width of the E2(high) mode at about 437 cm−1, the weak intensity of the A1(LO) mode at
about 577 cm−1, and the weak background confirm the high structural qualityof the lay-
ers. However, Raman spectroscopy indicates no nitrogen incorporation. In particular, no
additional modes occur in the spectrum of the ZnO:N top layer. These results confirm that,
under the used growth conditions, the O-polarity of the ZnO substrate hinders successful
nitrogen incorporation, despite the high-quality ZnO buffer layer.



Chapter 7

Summary

(i) Pure ZnO: bulk crystals, disorder effects, and nanoparticles (Chapter 4)

Bulk ZnO single crystals were characterized by Raman spectroscopy in different scat-
tering configurations. The ZnO phonon modes obeyed the corresponding symmetry se-
lection rules and their peak widths and vibrational frequencies confirmed a high struc-
tural quality. A multi-phonon process observed in these Raman spectra was identified
as the phonon difference E2(high)-E2(low) by its vibrational frequency and temperature-
dependent intensity behavior. In comparison to the high-quality ZnO single crystals, poly-
crystalline ZnO of minor structural quality was analyzed. The corresponding Raman spec-
tra revealed mixed orientations and a broad disorder band inthe LO mode region.
The Raman resonance in ZnO was studied using bulk single crystals. First effects were
already visible when tuning the exciting laser wavelength from green (514.5 nm) to blue
(457.9 nm). Much stronger resonance was observed at excitation with 363.8 nm close to
the band gap of 3.4 eV. The ZnO A1(LO) phonon and the corresponding multiple phonon
processes 2xA1(LO), 3xA1(LO), etc., dominated the Raman spectrum due to the strong
resonance of Fröhlich scattering.
In order to study extrinsic disorder effects, ZnO was irradiated with argon ions. Again, the
disorder signature of ZnO was identified as a broad band in theLO mode region, which
scaled with the argon fluence. Furthermore, no broad mode wasobserved in the Raman
spectra of ZnO irradiated with low argon fluence, but only a slightly intensified A1(LO)
mode occurred. From these findings and from symmetry considerations, the broad ZnO
disorder band was attributed to an intensified A1(LO) mode due to extrinsic Fröhlich scat-
tering. Its broadening was explained by disorder-induced Raman scattering contributions
from outside the Brillouin zone center. Thermal annealing was applied to analyze the heal-
ing effect on the irradiation-induced disorder. It was found that most crystal damage in
these argon-irradiated ZnO samples was healed already by annealing at 500◦C.
ZnO nanoparticles were grown according to a newly developedsynthesis procedure. In
their Raman spectra, a quasi-LO phonon mode was observed witha vibrational frequency
corresponding to a random orientation of the crystallites.In addition to the ZnO phonon
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modes, molecular vibrations of the organic stabilizer weredetected in all Raman spectra
of ZnO nanoparticles analyzed for this thesis. In order to obtain ZnO nanoparticles capped
with functional ligands, the synthesis was modified by the addition of the dye molecule
oracet blue. During the Raman experiments on these nanoparticles, laser-induced local
heating led to thermal annealing effects, improving the crystal quality of the particles, but
presumably harming the organic ligands simultaneously. The phonon peak shifts observed
during these experiments were attributed to local heating effects. In particular, no optical
phonon confinement was observed.
To further analyze a possible optical phonon confinement, a ZnO nanoparticle series was
studied with different average diameters ranging from 2.0 nm to 16 nm. Despite litera-
ture reports of phonon confinement effects for larger ZnO particles, the phonons appeared
at their bulk positions in the Raman spectra of particle ensembles with average diameters
down to 3.2 nm. The pentanetrione-capped nanoparticles with an average diameter of only
about 2.0 nm are among the smallest ZnO nanoparticles reported until today. No phonon
mode could be detected for these nanoparticles, presumablydue to the reduced structural
quality of the nanocrystal cores and the optical propertiesof the surrounding organics.

(ii) Transition-metal-alloyed ZnO (Chapter 5)

Manganese-, cobalt-, iron-, vanadium-, and nickel-alloyed ZnO was studied by Raman
spectroscopy and complementary methods. The samples were fabricated by ion implan-
tation, vapor phase transport, molecular beam epitaxy, andother growth techniques. The
experiments on cobalt-, iron-, and nickel-implanted ZnO were the first reported Raman
studies on such systems. In the focus of the experiments weredisorder effects, an analy-
sis of the substitutional transition metal incorporation into ZnO, and the magnetic impact
of secondary phase formation. Such secondary phases were observed in several systems,
depending on the transition metal species, transition metal concentration, growth method,
and after-growth treatment.
The effect of transition metal implantation on ZnO crystalswas studied using high im-
plantation doses of vanadium, manganese, iron, cobalt, andnickel. The broad A1(LO)
disorder band was observed in the Raman spectra again, but much more intense than for
the argon-irradiated ZnO. Its intensity was especially strong for manganese implantation,
which was attributed to reduced transparency of the manganese-implanted layer compared
to the other transition metals. Thermal annealing of up to 500 ◦C reduced the implantation-
induced crystal damage, but did not yet lead to a complete healing.
For manganese concentrations≤ 8 at.% in ZnO, two contributions were identified by elec-
tron paramagnetic resonance: a fine structure due to isolated, substitutional Mn2+ ions and
a broadened, unstructured signal from dipole-interacting, substitutional Mn2+ ions in the
implanted layer. The isolated ions were already observed inthe unimplanted ZnO crystals
and therefore attributed to residual impurities of the hostcrystals. By photoluminescence
experiments, iron ions were identified as additional residual impurities. In the Raman
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spectra of the manganese-alloyed ZnO crystals, the A1(LO) disorder band scaled with the
manganese concentration. Much stronger resonance effectsof this band were found in this
manganese-alloyed ZnO compared to pure ZnO, which was explained by impurity-induced
Fröhlich scattering. For very low manganese concentrations,most of the resolved features
in the Raman spectra could be assigned to ZnO multi-phonon processes. One feature was
suggested as a localized vibration of substitutional manganese. This assignment is based on
the intensity behavior of this feature upon increasing manganese concentration and thermal
annealing. Furthermore, of all transition-metal-alloyedZnO samples studied in this thesis,
only the manganese-alloyed samples exhibited this feature. It was found that the broad
A1(LO) disorder band is red-shifted for very high disorder, corresponding to the dispersion
of the A1(LO) phonon branch near the Brillouin zone center in the phonon dispersion rela-
tion of ZnO. By a Raman scattering depth profile, the disorder inthe manganese-implanted
layer was analyzed in detail. No secondary phases were detected by Raman scattering,
in accordance with the findings of high-resolution transmission electron microscopy and
X-ray diffraction. An additional mode, which occurred in the low-temperature Raman
spectra, was identified as a ZnO-related, localized defect mode.
For implanted manganese concentrations≥16 at.%, secondary phase formation was clearly
observed after annealing at 700◦C in air. In the samples with the highest manganese con-
centration of 32 at.% relative to zinc, secondary phase islands ofµm size were littered over
the entire surface. As major secondary phase, ZnMn2O4 was identified by Raman scat-
tering, in accordance with X-ray diffraction results. On a few localized spots of the sam-
ple surface, micro-Raman mapping revealed non-stoichiometric Zn3−xMnxO4 precipitates
with Raman signatures similar to pure Mn3O4. These inclusions lay below the sensitivity
limit of X-ray diffraction. High-resolution transmissionelectron microscopy and energy-
dispersive X-ray spectroscopy line scans confirmed the presence of sub-µm, manganese-
rich secondary phases with elongated shape and in alignmentwith the ZnO wurtzite struc-
ture.
The wet-chemical synthesis of manganese-alloyed ZnO nanoparticles was found to be very
sensitive to the choice of the organic stabilizer. Nanoparticles capped with the ligand
molecule DMPDA showed the characteristic Raman signature ofmanganese-alloyed ZnO,
but with very broad and red-shifted phonon features. By annealing experiments, this effect
could be attributed to local heating, alloy potential fluctuations, and disorder. Magnetic
characterization and electron paramagnetic resonance measurements indicated that part of
the manganese ions were located on the intended zinc latticesite. However, clustering
manganese ions were also observed by these methods, presumably within the surrounding
organics.
ZnO implanted with cobalt concentrations≤8 at.% showed the characteristic A1(LO) dis-
order band in Raman scattering. Additionally, photoluminescence features were observed,
which were attributed to substitutional cobalt incorporation on zinc sites. In ZnO:Co sam-
ples grown by vapor phase transport, no secondary phases could be identified by room-
temperature Raman experiments. In experiments at 10 K, on theother hand, additional
features occurred, which correspond to magnon Raman scattering from CoO inclusions
within the crystal. Furthermore, substitutionally incorporated Co2+ ions were identified by
photoluminescence experiments. In accordance with these results, electronic Raman scat-
tering features were observed for the first time, which correspond to intra-3D ground level
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splitting of Co2+ in CoO and in ZnO.
For ZnCoO layers grown by molecular beam epitaxy, substitutional cobalt incorporation
was confirmed by photoluminescence experiments. These layers showed ferromagnetic
properties for small cobalt concentrations. For higher cobalt concentrations, they lost their
ferromagnetic ordering and, accordingly, the photoluminescence signature of substitutional
Co2+ was reduced and the Raman signature of ZnO disorder increased.
For a very high implanted cobalt concentration of 32 at.%, additional Raman modes were
observed. Their vibrational frequencies and intensity ratios were found to be identical with
the Raman features obtained from experiments with bulk ZnCo2O4, which was grown for
comparison. These ZnCo2O4 precipitates turned out to be below the sensitivity limit of
X-ray diffraction. Though, X-ray diffraction experimentsrevealed the presence of the sec-
ondary phases hcp zinc and hcp cobalt.
Nanocrystalline ZnCoO layers were grown by dip-coating and showed extremely strong
crystal disorder. This disorder could be reduced by thorough thermal annealing. On the
other hand, annealing at 700◦C induced the formation of ZnCo2O4 and Co3O4 secondary
phases, whereas annealing at 900◦C led to the reduction of these cobalt oxides into CoO
on the surface of the layers. Moreover, the nanocrystallinelayers showed a very strong Ra-
man resonance in the LO mode region due to impurity-induced Fröhlich scattering, while
no resonance was observed for the secondary phase modes. With micro-Raman mapping,
an inhomogeneous distribution of the formed cobalt oxides was found.
For iron-alloyed ZnO, secondary phase formation set in already for iron concentrations of
16 at.%, but again only after 700◦C annealing in air. High-resolution transmission elec-
tron microscopy revealed sub-µm precipitates of elongated shape, which were aligned to
the ZnO wurtzite structure. X-ray diffraction measurements indicated that ZnFe2O4 was
the major secondary phase in these samples. In contrast, no clear Raman signature was
visible, but only broad and unstructured additional bands,which suggested the absence of
well-ordered, stoichiometric iron oxides. For the highestiron concentration of 32 at.%,
very strong disorder effects occurred after the 700◦C annealing in air, including even a
partial surface peel-off. In order to evaluate the impact ofthe environment during the an-
nealing procedure, additional experiments were conductedwith iron-alloyed ZnO samples
annealed in vacuum instead of air. This procedure resulted in a strongly improved surface
quality and less pronounced secondary phase segregation. However, the formation of iron-
related oxides was still not completely suppressed for highiron concentrations.
Nickel-alloyed ZnO showed the characteristic A1(LO) disorder Raman band scaling with
the nickel concentration. At the highest nickel concentration of 32 at.% and after 700◦C
annealing, secondary phase formation of NiO and cubic elemental nickel was identified by
X-ray diffraction. Both phases cannot be observed by Raman scattering due to selection
rules.

It was concluded that secondary phase formation in transition-metal-alloyed ZnO can be
induced by thermal annealing, but can also occur during growth. Most of the identified
secondary phases had a large impact on the magnetic properties of the entire system, even
if they appeared only as sporadic, localized inclusions. Conventional X-ray diffraction was
not sensitive enough to detect such singular inclusions, incontrast to micro-Raman map-
ping. On the other hand, some elemental phases and cubic transition metal oxides have no
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Raman signature. Therefore, a combination of these methods was required for the analysis
of secondary phase formation in transition-metal-alloyedZnO.

(iii) Nitrogen-doped ZnO (Chapter 6)

ZnO single crystals were implanted with nitrogen ions and characterized by Raman
scattering and photoluminescence. A strong donor-acceptor-pair transition band in the pho-
toluminescence spectra indicated the successful incorporation of nitrogen ions as dopants.
Five strong additional modes appeared in the Raman spectra ofnitrogen-doped ZnO for
nitrogen concentrations>1 at.% relative to O. Their origin is disputed in literature and
was therefore discussed in detail in this thesis. Structural disorder caused by the ion im-
plantation was successfully healed by thermal annealing invacuum at 700◦C and 900◦C.
No intensity reduction of the nitrogen-related additionalmodes occurred upon this after-
growth treatment. Furthermore, they were found to scale with the nitrogen concentration
after the last annealing step. By a recently reported isotopic study, localized vibrations of
substitutional nitrogen were excluded as the origin of these modes. Comparison to data
reported in the literature clearly showed that the observedfeatures do not correspond to
the vibrations of N2 or NO on oxygen sites and neither to nitrogen-hydrogen complexes.
The favored explanation in literature is a pure disorder effect. However, this was disproved
by the annealing experiments of this thesis, which did not lead to a substantial reduction
of the additional modes. Therefore, and in accordance with theoretical considerations, the
additional modes were attributed to impurity-activated B1 silent modes of ZnO and the
corresponding multi-phonon processes. The activation mechanism was found to be char-
acteristic for nitrogen since the additional modes were notpresent in the Raman spectra of
any of the ZnO systems alloyed with other elements than nitrogen in this thesis. Raman
experiments in different scattering configurations were conducted to confirm the B1(high)
mode assignment of the additional mode with vibrational frequency close to the A1(LO)
phonon. In these experiments, the additional mode was observed for scattering configura-
tions, in which the A1(LO) mode is forbidden. Additionally, the symmetry selection rule
for the A1(LO) mode was confirmed by Raman experiments on a manganese-alloyed sam-
ple. They showed a strong A1(LO) band in the allowed, but no A1(LO) signal at all in the
symmetry-forbidden scattering configuration.
Nitrogen-doped ZnO grown by molecular beam epitaxy was studied by Raman spectroscopy
and complementary methods. Heteroepitaxial growth on sapphire led to strong disorder on
the sample surface and micro-Raman mapping revealed an inhomogeneous distribution
of the nitrogen-related additional modes. Homoepitaxial growth, in contrast, resulted in
strongly improved structural properties. A large difference was observed between the ho-
moepitaxial growth on the Zn-polar and O-polar surfaces of the ZnO substrate. While no
additional modes were observed for growth on the O-polar surface, they appeared very
strong if the Zn-polar surface was chosen. Photoluminescence and transport experiments
showed that the growth on Zn-polar surfaces led to semi-insulating ZnO by the compen-
sation of the ZnO-intrinsic donor levels. In contrast, no doping effects could be observed
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for growth on the O-polar surface, even if a high-quality ZnObuffer layer was grown be-
tween the substrate and the nitrogen-doped layer. The presence of the nitrogen-activated
silent ZnO B1 modes in Raman scattering was identified as a potential indicator for substi-
tutional nitrogen incorporation.



Chapter 8

Zusammenfassung

(i) Reines ZnO: Volumenkristalle, Unordnungseffekte und Nanopartikel (Kapitel 4)

Zur Analyse ihrer Gitterdynamik-Eigenschaften wurden ZnO-Volumenkristalle mit-
tels Ramanspektroskopie in verschiedenen Streukonfigurationen charakterisiert. Die ZnO-
Phononmoden befolgten dabei die Symmetrie-Auswahlregelnvon idealem ZnO und die
beobachteten Peakbreiten und Schwingungsfrequenzen bestätigten eine hohe strukturelle
Qualiẗat der Proben. In den Ramanspektren dieser Einkristalle wurde ein Multiphonon-
Prozess beobachtet, welcher aufgrund seiner Schwingungsfrequenz und seines tempera-
turabḧangigen Verhaltens als die Phonon-Differenz E2(high)-E2(low) identifiziert werden
konnte. Als Vergleich zu den hochqualitativen ZnO-Einkristallen wurde polykristallines
ZnO niedrigerer Qualiẗat untersucht. Die entsprechenden Ramanspektren zeigten gemisch-
te Orientierungen und eine breite Unordnungsbande im Bereich der LO-Moden.
Die Raman-Resonanz in ZnO wurde anhand von volumenartigen Einkristallen untersucht.
Erste Effekte waren schon bei einerÄnderung der Laserwellenlänge vom gr̈unen (514,5
nm) zum blauen (457,9 nm) Spektralbereich sichtbar. Eine viel sẗarkere Resonanz trat bei
der Anregung mit 363,8 nm auf, und damit nahe der ZnO-Bandkante von 3,4 eV. Das ZnO-
A1(LO)-Phonon und die entsprechenden Multiphonon-Prozesse2xA1(LO), 3xA1(LO) usw.
dominieren das Ramanspektrum aufgrund der starken Resonanz der Fr̈ohlich-Streuung.
Um extrinsische Unordnungseffekte zu untersuchen, wurde ZnO mit Argon-Ionen be-
strahlt. Dabei konnte wiederum die Unordnungs-Signatur von ZnO als eine breite Bande
im Bereich der LO-Moden identifiziert werden, welche mit dem Argon-Fluss skalierte.
Dagegen wurde keine breite Mode in den Raman-Spektren der ZnO-Kristalle beobachtet,
welche mit niedrigem Argon-Fluss bestrahlt worden waren, sondern es trat nur eine leicht
versẗarkte A1(LO)-Mode auf. Mit diesen Ergebnissen und durch Symmetrie-Überlegungen
konnte die breite ZnO-Unordnungs-Bande einer intensivierten A1(LO)-Mode aufgrund ex-
trinsischer Fr̈ohlich-Streuung zugeordnet werden. Ihre Verbreiterung wurde mit Unord-
nungs-induzierter Ramanstreuung von außerhalb des Brillouin-Zonen-Zentrums erklärt.
Im Anschluss an die Ar-Bestrahlung wurden die Proben bei verschiedenen Temperaturen
thermisch ausgeheilt und der zugehörige Heilungseffekt analysiert. Dabei stellte sich her-
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aus, dass die Beschädigungen des Kristalls in diesen Argon-bestrahlten ZnO-Proben schon
bei 500◦C weitestgehend ausgeheilt werden konnten.
ZnO-Nanopartikel wurden auf Basis einer neu entwickelten Synthese-Prozedur gewachsen.
In den entsprechenden Ramanspektren trat ein Quasi-LO-Phonon mit einer Schwingungs-
frequenz auf, welche einer zufälligen Orientierung der Kristallite entspricht. Neben den
ZnO-Phononmoden wurden in den Ramanspektren aller ZnO-Nanopartikel dieser Arbeit
auch Molek̈ulschwingungen der organischen Stabilisatoren detektiert. Um ZnO-Nano-
partikel zu erhalten, welche mit einem funktionalen Liganden stabilisiert sind, wurde die
Synthese durch die Zugabe des Farbstoffmoleküls Oracet-Blau modifiziert. Ẅahrend der
Raman-Experimente an diesen Nanopartikeln führte laserinduzierte, lokale Aufheizung zu
thermischen Ausheileffekten. Diese verbesserten zwar einerseits die Kristallqualiẗat der
Partikel, bescḧadigten aber gleichzeitig auch die organischen Liganden. Die Verschiebung
der Phonon-Peaks, welche während dieser Experimente beobachtet wurde, konnte voll-
sẗandig durch lokale Aufheizungseffekte erklärt werden. Insbesondere wurde kein Con-
finement der optischen Phononen beobachtet.
Um ein m̈ogliches Phonon-Confinement weitergehend zu untersuchen, wurde eine Serie
von ZnO-Nanopartikeln mit durchschnittlichen Durchmessern von 2,0 nm bis 16 nm spek-
troskopiert. F̈ur alle Partikel-Ensembles mit durchschnittlichen Durchmessern≥3,2 nm
erschienen die Phononen an den Frequenz-Positionen des entsprechenden Volumenmate-
rials. Dies widerspricht Literaturberichten von Phonon-Confinement-Effekten in gr̈oßeren
ZnO-Partikeln. Die Pentanetrion-stabilisierten Nanopartikel mit einem durchschnittlichen
Durchmesser von nur ca. 2,0 nm gehören zu den kleinsten jemals hergestellten ZnO-
Nanopartikeln. Allerdings konnten für diese Nanopartikel keine Phononen detektiert wer-
den, vermutlich aufgrund reduzierter struktureller Qualität der Nanopartikel-Kerne und be-
dingt durch die optischen Eigenschaften der umgebenden Organik.

(ii) ZnO legiert mit Übergangsmetallen (Kapitel 5)

Mangan-, Cobalt-, Eisen-, Vanadium-, und Nickel-legiertesZnO wurde mittels Ra-
manspektroskopie und komplementärer Methoden untersucht. Hergestellt wurden die ent-
sprechenden Proben u.a. durch Ionenimplantation, Gasphasen-Transport und Molekular-
strahl-Epitaxie. Die Experimente an Cobalt-, Eisen-, und Nickel-implantiertem ZnO stellen
die ersten ver̈offentlichten Ramanstudien an solchen Systemen dar. Im Mittelpunkt der Ex-
perimente standen Unordnungseffekte, der substitutionelle Übergangsmetall-Einbau sowie
die magnetische Auswirkung potentieller Fremdphasenbildung. Solche Fremdphasen wur-
den in mehreren der untersuchten Systeme beobachtet, abhängig vom jeweiligenÜber-
gangsmetall-Element, der̈Ubergangsmetall-Konzentration, dem Wachstumsprozess und
von der Behandlung nach dem Wachstum.
Der Effekt derÜbergangsmetall-Implantation auf ZnO-Kristalle wurde mittels hoher Im-
plantations-Dosen der verwendeten Elemente untersucht. Auch in diesen Ramanspektren
wurde die breite A1(LO)-Unordnungsbande beobachtet, allerdings deutlich stärker als f̈ur
das Argon-bestrahlte ZnO. Besonders deutlich trat sie im Fall der Mangan-Implantation
hervor, was einer reduzierten Transparenz der Mangan-implantierten Schicht verglichen
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mit anderenÜbergangsmetallen zugeordnet wurde. Thermisches Ausheilen bei bis zu 500
◦C reduzierte die Implantations-induzierten Kristallschäden, f̈uhrte jedoch noch nicht zu
einer kompletten Heilung.
Bei der Elektronenspinresonanz-Analyse von ZnO legiert mitMangan-Konzentrationen
≤8 at.% (relativ zu Zink) wurden zwei Beiträge identifiziert: eine Feinstruktur aufgrund
isolierter, substitutioneller Mn2+-Ionen und ein verbreitertes, unstrukturiertes Signal von
Dipol-wechselwirkenden, substitutionellen Mn2+-Ionen in der implantierten Schicht. Die
isolierten Ionen wurden bereits in den unimplantierten ZnO-Kristallen beobachtet und
daher wachstumsbedingten Fremdatomen der Wirtskristallezugeordnet. Mittels Photo-
lumineszenz-Experimenten wurden darüber hinaus auch kleine Konzentrationen von Eisen-
Ionen in den nominell reinen ZnO-Kristallen nachgewiesen.In den Ramanspektren der
Mangan-legierten ZnO-Kristalle skalierte die A1(LO)-Unordnungsbande deutlich mit der
Mangan-Konzentration. Außerdem wurde für diese Bande in Mangan-legiertem ZnO eine
viel größere Ramanresonanz festgestellt als in reinem ZnO, was mit Fremdatom-induzier-
ter Fr̈ohlich-Streuung erklärt werden konnte. Bei sehr niedrigen Mangan-Konzentrationen
konnten die meisten der aufgelösten Ramansignale ZnO-Multiphonon-Prozessen zuge-
ordnet werden. Eines dieser Signale wurde allerdings als mögliche lokalisierte Schwin-
gung substitutionellen Mangans identifiziert. Diese Zuweisung beruht auf dem Inten-
sitätsverhalten dieses Signals bei steigender Mangankonzentration und bei thermischem
Ausheilen. Des Weiteren trat dieses Signal unter allen untersuchtenÜbergangsmetall-
legierten ZnO-Proben nur bei Mangan-Legierung auf. Es wurde herausgefunden, dass
die breite A1(LO)-Unordnungsbande bei sehr starker Unordnung rotverschoben ist. Diese
Verschiebung entspricht der Dispersion des A1(LO)-Phononzweiges nahe dem Brillouin-
Zonen-Zentrum in der Phononendispersionsrelation von ZnO. Mit einem Raman-Tiefen-
profil wurde die Unordnung in der Mangan-implantierten Schicht im Detail analysiert. Mit-
tels Ramanstreuung konnten keine Fremdphasen nachgewiesenwerden, was durch hoch-
auflösende Transmissionselektronenmikroskopie und Röntgenbeugung bestätigt wurde. In
den entsprechenden Tieftemperatur-Ramanspektren trat eine zus̈atzliche Mode auf, welche
als lokalisierte ZnO-Defektmode identifiziert werden konnte.
Für Mangan-Konzentrationen≥16 at.% wurde nach thermischer Ausheilung bei 700◦C
an Luft eine deutliche Fremdphasenbildung beobachtet. In den Proben mit der ḧochsten
Mangan-Konzentration von 32 at.% waren ca.µm-große Fremdphasen-Inselnüber die
gesamte Oberfl̈ache verstreut. Als hauptsächliche Fremdphase wurde ZnMn2O4 mittels
Ramanstreuung identifiziert und durch Röntgenbeugungs-Experimente bestätigt. An weni-
gen Stellen der Probenoberfläche zeigten sich bei Mikroraman-Scans nicht-stöchiomet-
rische Zn3−xMnxO4-Ablagerungen mit einer Raman-Signaturähnlich dem reinen Mn3O4.
Diese Einschl̈usse lagen unterhalb der Empfindlichkeitsgrenze der Röntgenbeugung. Hoch-
auflösende Transmissionselektronenmikroskopie und Energie-dispersive R̈ontgenspektros-
kopie besẗatigten das Vorhandensein sub-µm-großer, mangan-reicher Fremdphasen läng-
licher Gestalt und ausgerichtet an der ZnO-Wurtzitstruktur.
Die nasschemische Synthese von Mangan-legierten ZnO-Nanopartikeln stellte sich als sehr
empfindlich gegen̈uber der Wahl des organischen Stabilisators heraus. Nanopartikel sta-
bilisiert mit dem Liganden DMPDA zeigten die charakteristische Raman-Signatur von
Mangan-legiertem ZnO, allerdings mit sehr breiten und rotverschobenen Phononmoden. In
Temper-Experimenten konnte dieser Effekt mit lokaler Erwärmung und dem Fremdatomein-
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bau erkl̈art werden. Magnetische Charakterisierung und Elektronenspinresonanz-Messun-
gen zeigten, dass ein Teil der Mangan-Ionen auf den beabsichtigten Zink-Gitterpl̈atzen
eingebaut waren. Allerdings wurden mit diesen Methoden auch Mangan-Cluster beobach-
tet, vermutlich innerhalb der umgebenden Organik.
ZnO implantiert mit Cobalt-Konzentrationen≤8 at.% zeigte die charakteristische A1(LO)-
Unordnungsbande in der Ramanstreuung. Zusätzlich wurden Photolumineszenz-Signale
beobachtet, welche einem substitutionellen Einbau von Cobalt auf Zink-Pl̈atzen zugeord-
net wurden. In ZnO:Co-Proben, welche mittels Gasphasen-Transport gewachsen wurden,
konnten in Raumtemperatur-Ramanexperimenten keine Fremdphasen identifiziert werden.
In Experimenten bei 10 K dagegen traten zusätzliche Signale auf, welche Magnon-Ra-
manstreuung von CoO-Einschlüssen im Kristall entsprechen. Außerdem wurden durch
Photolumineszenz-Experimente substitutionell eingebaute Co2+-Ionen identifiziert.Über-
einstimmend mit diesen Ergebnissen wurde zum ersten Mal elektronische Ramanstreuung
beobachtet, welche die intra-3D-Grundzustandsaufspaltung von Co2+ in CoO und ZnO
widerspiegelt.
Auch in ZnCoO-Schichten, gewachsen mittels Molekularstrahlepitaxie, besẗatigten Photo-
lumineszenz-Experimente einen substitutionellen Cobalt-Einbau. Diese Schichten zeigten
ferromagnetische Eigenschaften bei Cobalt-Konzentrationen≤3 at.%. Bei ḧoheren Cobalt-
Konzentrationen verloren sie allerdings ihre ferromagnetische Ordnung. Im Einklang damit
sank die Photolumineszenz-Signatur von substitutionell eingebautem Co2+ und die Ra-
mansignatur f̈ur ZnO-Unordnung nahm zu.
Bei einer sehr hohen implantierten Cobalt-Konzentration von32 at.% wurden zus̈atzliche
Ramanmoden beobachtet. Die Schwingungsfrequenzen und Intensiẗatsverḧaltnisse stimm-
ten dabei genau mit den Raman-Signalen von Volumen-ZnCo2O4 überein, welches zum
Vergleich gewachsen wurde. Die damit identifizierten ZnCo2O4-Ablagerungen waren un-
terhalb der Empfindlichkeitsgrenze der Röntgenbeugung. Andererseits wiesen Röntgen-
beugungsexperimente elementares Zink (hcp) und Cobalt (hcp) als weitere Fremdphasen
nach.
Nanokristalline ZnCoO-Schichten wurden mittels Tauchbeschichtung hergestellt und zeig-
ten extrem starke Kristallunordnung. Diese Unordnung konnte durch gr̈undliches ther-
misches Ausheilen reduziert werden. Allerdings induzierte das Tempern bei 700◦C die
Bildung der Fremdphasen ZnCo2O4 und Co3O4 und die Behandlung bei 900◦C führte
zur Reduktion dieser Cobaltoxide zu CoO auf der Probenoberfläche. Die nanokristallinen
Schichten zeigten eine sehr starke Ramanresonanz im Bereich der LO-Moden aufgrund von
Fremdatom-induzierter Fröhlich-Streuung. F̈ur die Fremdphasen-Moden wurde dagegen
keine Resonanz beobachtet. Mikroraman-Scans ergaben eine stark inhomogene Verteilung
der gebildeten Cobaltoxide.
Im Fall von Eisen-legiertem ZnO setzte die Fremdphasenbildung schon bei Eisen-Kon-
zentrationen von 16 at.% ein, allerdings wiederum erst nachthermischem Ausheilen bei
700 ◦C an Luft. Hochaufl̈osende Transmissionselektronenmikroskopie zeigte längliche,
sub-µm-große Ablagerungen, welche an der ZnO-Wurtzit-Strukturausgerichtet waren.
Röntgenbeugungs-Messungen ergaben, dass ZnFe2O4 die vorrangige Fremdphase in diesen
Proben darstellte. Im Gegensatz dazu war keine eindeutige Ramansignatur sichtbar, son-
dern nur eine breite und unstrukturierte zusätzliche Bande, was die Abwesenheit geord-
neter, sẗochiometrischer Eisenoxide nahelegt. Für die ḧochste Eisenkonzentration von 32
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at.% traten nach dem Ausheilprozess bei 700◦C an Luft sehr starke Unordnungseffekte auf.
Es wurde sogar eine teilweise Ablösung der Probenoberfläche beobachtet. Um den Ein-
fluss der Temper-Umgebung zu analysieren, wurden zusätzliche Experimente mit Eisen-
legiertem ZnO nach Tempern im Vakuum anstatt an Luft durchgeführt. Durch diesen
Ausheilvorgang verbesserte sich die Oberflächenqualiẗat deutlich und auch die Fremd-
phasenbildung war weniger stark ausgeprägt. Trotzdem wurde die Bildung oxidischer
Fremdphasen bei hohen Eisen-Konzentrationen nicht gänzlich unterdr̈uckt.
Bei der ḧochsten Nickel-Konzentration von 32 at.% und nach thermischem Ausheilen bei
700◦C wurde mittels R̈ontgenbeugung die Fremdphasenbildung von NiO und kubischem,
elementarem Nickel identifiziert. Beide Phasen können aufgrund von Auswahlregeln nicht
in der Ramanstreuung beobachtet werden.

Als Schlussfolgerung ergab sich, dass Fremdphasenbildungin Übergangsmetall-legiertem
ZnO durch thermisches Ausheilen hervorgerufen wird, je nach System aber auch schon
beim Wachstum auftreten kann. Die meisten der identifizierten Fremdphasen können die
magnetischen Eigenschaften des gesamten Systems stark beeinflussen, selbst wenn sie nur
als vereinzelte, lokale Einschlüsse auftreten. Im Gegensatz zu Mikroraman-Scans war
konventionelle R̈ontgenbeugung nicht empfindlich genug, solche singulären Einschl̈usse
zu detektieren. Andererseits besitzen einige elementare Fremdphasen und kubischeÜber-
gangsmetall-Oxide keine Ramansignatur. Daher stellte sichdie Kombination dieser Meth-
oden f̈ur die Untersuchung der Fremdphasenbildung inÜbergangsmetall-legiertem ZnO
als n̈otig heraus.

(iii) Stickstoff-dotiertes ZnO (Kapitel 6)

ZnO-Einkristalle wurden mit Stickstoff implantiert und mittels Ramanstreuung- und
Photolumineszenz-Experimenten charakterisiert. Deutliche Donator-Akzeptor-Paar-Über-
gänge in den Photolumineszenz-Spektren zeigten einen erfolgreichen Einbau von Stick-
stoff-Ionen als Dotanden an. Die strukturelle Unordnung der Proben, verursacht von der
Ionenimplantation, wurde mit thermischem Ausheilen im Vakuum erfolgreich behandelt.
Bei Stickstoff-Konzentrationen≥1 at.% relativ zu O traten fünf starke, zus̈atzliche Moden
in den Ramanspektren des Stickstoff-dotierten ZnO auf. Die Herkunft dieser Moden ist
in der Fachliteratur umstritten und wurde daher in dieser Arbeit detailliert analysiert. Das
Ausheilen bei bis zu 900◦C bewirkte keinen Intensitätsr̈uckgang dieser Stickstoff-induzier-
ten, zus̈atzlichen Moden. Des Weiteren skalierten sie nach dieser Behandlung deutlich mit
der Stickstoffkonzentration. Anhand einer kürzlich ver̈offentlichten Isotopenstudie wurden
lokalisierte Schwingungen substitutionellen Stickstoffs als Ursache für die zus̈atzlichen
Moden ausgeschlossen. Durch einen Vergleich mit Literatur-Ergebnissen wurde gezeigt,
dass die in dieser Arbeit beobachteten Signale nicht mit denSchwingungen von N2 oder
NO auf Sauerstoff-Plätzenübereinstimmen und auch nicht Stickstoff-Wasserstoff-Kom-
plexen zugeordnet werden können. Die in der Fachliteratur favorisierte Erklärung ist ein
reiner Unordnungseffekt. Allerdings wurde dies mit den Temper-Versuchen dieser Arbeit
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widerlegt, die keine klare Reduktion der zusätzlichen Moden bewirkten. Daher wurden die
zus̈atzlichen Moden in̈Ubereinstimmung mit theoretischenÜberlegungen identifiziert als
Fremdatom-aktivierte, eigentlich stille ZnO-B1-Moden und entsprechende Multiphonon-
Prozesse. Der Aktivierungsmechanismus ist dabei charakteristisch f̈ur Stickstoff, da die
zus̈atzlichen Moden von allen legierten ZnO-Systemen dieser Arbeit ausschließlich in den
Stickstoff-legierten auftraten. Raman-Experimente in verschiedenen Streu-Konfigurationen
wurden durchgef̈uhrt, um die Zuweisung einer der zusätzlichen Moden als B1(high) zu
besẗatigen, welche eine Schwingungsfrequenz sehr nahe am A1(LO)-Phonon besitzt. In
diesen Experimenten wurde die zusätzliche Mode in Streugeometrien beobachtet, in wel-
chen die A1(LO)-Mode verboten ist. Des Weiteren wurde die Auswahlregel der A1(LO)-
Mode bei Raman-Experimenten an Mangan-legiertem ZnO bestätigt. Diese zeigten eine
starke A1(LO)-Bande in der erlaubten, aberüberhaupt kein A1(LO)-Signal in der verbote-
nen Streugeometrie.
Stickstoffdotiertes ZnO wurde außerdem auch mittels Molekularstrahlepitaxie hergestellt
und mit Ramanspektroskopie und komplementären Methoden untersucht. Heteroepitak-
tisches Wachstum auf Saphir führte zu einer starken Unordnung auf den Probenoberflächen,
und Mikroraman-Scans zeigten eine inhomogene Verteilung der Stickstoff-induzierten zu-
sätzlichen Moden. Im Gegensatz dazu wurden bei homoepitaktischem Wachstum deutlich
verbesserte strukturelle Eigenschaften erreicht. Ein großer Unterschied zeigte sich zwi-
schen dem homoepitaktischen Wachstum auf Zn-polarer und auf O-polarer Oberfl̈ache des
ZnO-Substrats. Ẅahrend keine zusätzlichen Moden bei Wachstum auf der O-polaren Ober-
fläche beobachtet wurden, traten sie sehr stark auf, wenn die Zn-polare Oberfl̈ache geẅahlt
wurde. Photolumineszenz- und Transport-Experimente zeigten, dass das Wachstum auf
Zn-polaren Oberfl̈achen zu semi-isolierendem ZnO führte, also eine Kompensation der
ZnO-intrinsischen Donatoren bewirkt wurde. Dagegen konnten keine Dotierungseffekte
bei Wachstum auf O-polarer Oberfläche beobachtet werden, selbst wenn eine hochqualita-
tive ZnO-Pufferschicht zwischen dem Substrat und der Stickstoff-dotierten Schicht gewach-
sen wurde. Die Anwesenheit der Stickstoff-aktivierten ZnO-B1-Moden in der Ramanstreu-
ung wurde als potentieller Indikator für substitutionellen Stickstoff-Einbau identifiziert.



Appendix A

Abbreviations

AM - Additional mode
APF - Alloy potential fluctuations
BZ - Brillouin zone
CB - Conduction band
CCD - Charge-coupled device
CW - Continuous wave
DACH - Diaminocyclohexane
DAP - Donor-acceptor pair
DFT - Density functional theory
DLS - Dynamic light scattering
DMS - Diluted magnetic semiconductor
DMPDA - Dimethylpropylenediamine
DOS - Density of states
EDX - Energy-dispersive X-ray spectroscopy
EPR - Electron paramagnetic resonance
FM - Ferromagnet(ism)
FT - Fourier transform
FWHM - Full width at half maximum
HCP - Hexagonal close-packed
HRTEM - High-resolution transmission electron microscopy
LM - Local mode
LO - Longitudinal optical
LPDOS - Local phonon density of states
LVM - Localized vibrational mode
MOKE - Magneto-optical Kerr effect
MREI - Modified random-element isodisplacement model
NIR - Near infrared
PDOS - Phonon density of states
PL - Photoluminescence
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PDR - Phonon dispersion relation
RT - Room temperature
TEM - Transmission electron microscopy
TMAH - Tetramethylammonium hydroxide
TM - Transition metal
TO - Transverse optical
UV - Ultraviolet
VB - Valence band
XAFS - X-ray absorption fine structure spectroscopy
XAS - X-ray absorption spectroscopy
XPS - X-ray photoelectron spectroscopy
XRD - X-ray diffraction
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Physics, edited by G. Ḧohler, Springer, Berlin, 121 (1976)

[Richter 1981]: H. Richter, Z. P. Wang, and L. Ley,Sol. Stat. Comm.39, 625 (1981)

[Rita 2004]: E. Rita, U. Wahl, J. G. Correia, E. Alves, J. C. Soares, and The ISOLDE
Collaboration,Appl. Phys. Lett.85, 4899-901 (2004)

[Roth 1958]: W. L. Roth,Phys. Rev.110, 1333-41 (1958)

[Ruppin 1970]: R. Ruppin and R. Englman,Rep. Prog. Phys.33, 149-96 (1970)

[Saeki 2001]: H. Saeki, H. Tabata, and T. Kawai,Sol. Stat. Comm.120, 439-43 (2001)

[Sakurai 1968]: J. Sakurai, W. J. L. Buyers, R. A. Cowley, and G. Dolling,Phys. Rev.
167, 5108 (1968)

[Samanta 2006]: K. Samanta, P. Bhattacharya, R. S. Katiyar, W. Iwamoto, P. G. Pagliuso,
and C. Rettori,Phys. Rev. B73, 245213 (2006)

[Samanta 2007]: K. Samanta, S. Dussan, R. S. Katiyar, and P. Bhattacharya,Appl. Phys.
Lett. 90, 261903 (2007)

[Sati 2006]: P. Sati, R. Hayn, R. Kuzian, S. Regnier, S. Schäfer, A. Stepanov, C. Morhain,
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