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Laseremission und Ionenstrahl-Dotierung von Halbleiter-Nanodrähten
Halbleiter-Nanodrähte zeigen herausragende optische Eigenschaften wie stark lokalisierte Licht-
emission nach optischer oder elektrischer Stimulierung und exzellente Wellenleitung bei einem
Durchmesser kleiner als die Wellenlänge des geführten Lichts. Darüber hinaus stellt ihre Geome-
trie einen optischen Resonator dar, so dass durch die Kombination von Lichtemission, -führung
und -verstärkung intensive Laseremission von Halbleiternanodrähten ermöglicht wird. Daraus
ergeben sich unzählige Möglichkeiten für die Realisierung neuartiger nanoskalierter Lichtquellen.
Auf dem Weg dorthin ist es jedoch unabdingbar, die fundamentalen Eigenschaften der kleinst-
möglichen photonischen Lichtquellen zu erforschen und zu verstehen.
Optisch stimulierte Laseremission konnte bereits bei ZnO Nanodrähten bei hohen optischen
Anregungsleitungen eindeutig nachgeweisen werden. CdS Nanodrähte bieten ebenfalls das Po-
tential, Lichtverstärkung und Laseremission bei möglicherweise niedrigeren Anregungsleistun-
gen zu generieren. In dieser Arbeit werden daher die optischen Eigenschaften von einzelnen
CdS Nanodrähten bei niedriger und hoher Anregung untersucht. Das Auftreten von geführten
Moden bei erhöhter optischer Anregung wird beobachtet und auch Laseremission kann oberhalb
einer Schwellintensität von 10 kW/cm2 bei Raumtemperatur eindeutig nachgewiesen werden.
Die Emissionseigenschaften einzelner lasender CdS Nanodrähte werden charakterisiert und mit
ihrer Morphologie korreliert, um im Vergleich mit lasenden ZnO Nanodrähten die fundamentalen
Eigenschaften und Größenlimitationen photonischer Nanolaser zu erforschen.
Die optischen Eigenschaften von Halbleitern lassen sich zudem stark über die Dotierung mit
geeigneten Leuchtzentren wie Übergangsmetallen und Lanthanoiden modifizieren. Neben der
Erweiterung des Emissionsspektrums bietet sich vorallem die Möglichkeit, die optisch aktiven
Leuchtzentren in der Resonatorkavität der Nanodrähte unterzubringen, wodurch ein nanoska-
lierter Festkörperlaser realisiert werden könnte, der aufgrund der langen Lebenszeiten der op-
tischen Zentren eine Inversion und Lichtverstärkung bei noch niedrigeren Anregungleistungen
als undotierte Nanolaser erreichen könnte. Der erste Schritt dorthin ist die Realisierung und
Charakterisierung von dotierten Nanodrähten. ZnO Nanodrähte wurden erfolgreich mit Kobalt
über Ionenimplantation dotiert. Eine intensive intra-3d Emission der Co2+ Ionen in den ZnO
Nanodrähten wird beobachtet und die veränderten strukturellen und optischen Eigenschaften
der dotierten Nanodrahtensemble sowie einzelner Nanodrähte charakterisiert.
Mn in ZnS Nanodrähten stellt ein weiteres interessantes Materialsystem zur Untersuchung der
fundamentalen Wechselwirkungen von Leuchtzentren mit nanoskalierten Halbleitern dar. Das
zeitliche Abklingen der Mn-Ionen wird im Wesentlichen von dem Energietransfer zwischen Mn-
Ionen sowie der nichtstrahlenden Abregung durch die Interaktion mit Defekten beeinflusst.
Zusätzlich beeinflusst die Nanostruktur das zeitliche Verhalten, da der Energietransfer unter
bestimmten Bedingungen nur noch eindimensional entlang des Nanodrahts stattfindet. Das
zeitliche Abkklingen kann durch ein modifiziertes Förster-Dipol-Dipol-Energietransfer-Modell
beschrieben werden, welche für unterschiedliche Kombinationen der Mn Konzentration und Nano-
draht Morphologie schon bestätigt wurde. In dieser Arbeit wird die Defektkonzentration in
ZnS:Mn Nanodrähten über verschiedene Ansätze kontrolliert verändert und die Fähigkeit des
Modells zur Beschreibung des zeitlichen Verhaltens der Mn-Defekt-Interaktion in ZnS Nano-
drähten nachgewiesen.
Terbium dotiertes ZnS stellt ein hochinteressantes Materialsystem zur Realisierung von effizien-
ten Elektrolumineszenz-Emittern dar. In der vorliegenden Arbeit konnten ZnS Nanodrähte
erfolgreich über Ionenimplantation mit den gewünschten Tb-Konzentrationen dotiert werden.
Eine intensive Tb intra-4f Emission der dotierten Nanodrähte wurde nach geeigetem Tempern
beobachtet. Die Emissioneigenschaften der dotierten ZnS Nanodrähte werden als Funktion ver-
schiedener Einflussparameter (Konzentration, Temperatur, Anregungsleistung) charakterisiert
und daraus die optimalen Präparationsparameter bestimmt.
Die in dieser Arbeit erzielten Ergebnisse tragen wesentlich zum fundamentalen Verständnis
der Nanolaser-Emissionseigenschaften bei und bilden wichtige Grundlagen für die spätere Re-
alisierung von nanoskalierten Lichtquellen auf Basis dotierter Halbleiter-Nanodrähte.



Contents

1 Introduction 3
1.1 Nanowire photonics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 Key challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Scientific goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Theory 7
2.1 Semiconductor nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 Properties of II-VI semiconductors . . . . . . . . . . . . . . . . . . . . . . 7
2.1.2 Luminescence of II-IV semiconductors . . . . . . . . . . . . . . . . . . . . 8
2.1.3 II-VI semiconductors at high excitation . . . . . . . . . . . . . . . . . . . 10
2.1.4 Optical properties related to the nanowire . . . . . . . . . . . . . . . . . . 13

2.2 3d- and 4f-impurities in II-IV semiconductors . . . . . . . . . . . . . . . . . . . . 15
2.2.1 Splitting of the energy levels . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.2 Intra-shell transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2.3 Differences of rare earth and transition metal elements . . . . . . . . . . . 21
2.2.4 Doping of II-VI semiconductor nanowires . . . . . . . . . . . . . . . . . . 22

3 Experimental details 23
3.1 Synthesis of II-VI semiconductor nanowires . . . . . . . . . . . . . . . . . . . . . 23
3.2 Modification of nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2.1 Simulation of ion implantation . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2.2 Ion beam doping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.3 Characterisation methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.3.1 Structural characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.3.2 Optical characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4 Lasing in undoped ZnO and CdS nanowires 32
4.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.2 ZnO nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2.1 Morphology of ZnO nanowires . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2.2 Luminescence at low temperatures . . . . . . . . . . . . . . . . . . . . . . 34
4.2.3 Single nanowire luminescence . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2.4 Lasing of ZnO nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.3 CdS nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.3.1 Structural properties of CdS nanowires . . . . . . . . . . . . . . . . . . . . 40
4.3.2 Optical emission at low excitation power . . . . . . . . . . . . . . . . . . . 42
4.3.3 Lasing of CdS nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.4 Comparison of CdS and ZnO nanolasers . . . . . . . . . . . . . . . . . . . . . . . 50
4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5 Cobalt implanted ZnO nanowires 52
5.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.2 Structure and morphology of Co implanted ZnO nanowires . . . . . . . . . . . . . 53

5.2.1 Scanning electron microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2.2 Transmission electron microscopy . . . . . . . . . . . . . . . . . . . . . . . 56
5.2.3 Stoichiometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.2.4 X-ray absorption spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.3 Optical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.3.1 Co2+ luminescence in ZnO nanowires . . . . . . . . . . . . . . . . . . . . . 61
5.3.2 Optimization of the preparation conditions . . . . . . . . . . . . . . . . . 63



5.3.3 Dependence on pumping power and temperature . . . . . . . . . . . . . . 66
5.3.4 Temporal decay of the Co luminescence . . . . . . . . . . . . . . . . . . . 67
5.3.5 Emission properties of single ZnO:Co nanowires . . . . . . . . . . . . . . . 68

5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6 Manganese and Terbium implanted ZnS nanowires 73
6.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
6.2 As-grown ZnS nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
6.3 Mn implanted ZnS nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

6.3.1 Mn2+ luminescence in ZnS nanowires . . . . . . . . . . . . . . . . . . . . . 76
6.3.2 Defect induced changes of the Mn decay dynamics . . . . . . . . . . . . . 80

6.4 Tb implanted ZnS nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
6.4.1 Morphology and Stoichiometry . . . . . . . . . . . . . . . . . . . . . . . . 84
6.4.2 Tb3+ luminescence in ZnS nanowires . . . . . . . . . . . . . . . . . . . . . 85
6.4.3 Optimization of the annealing conditions and Tb concentration . . . . . . 86
6.4.4 Dependence on temperature and excitation of Tb ions . . . . . . . . . . . 89
6.4.5 Temporal decay of the Tb luminescence . . . . . . . . . . . . . . . . . . . 90
6.4.6 Emission properties of single ZnS:Tb nanowires . . . . . . . . . . . . . . . 93

6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

7 Summary and conclusion 96

Appendix 100

A Properties of the luminescence setups 100

B Information on samples and experiments 111

List of Figures 120

List of Tables 121

Bibliography 122





1 Introduction

The technical progress in the last 50 years was significantly accelerated by semiconductors, which
provide the basic material for the realization of mile stones like transistors, light emitting devices
(LED) and solid state lasers. Since the realization of the first prototypes, their manifold prop-
erties have been extremely expanded by the shrinking of the structural sizes, which allowed the
integration into electrical circuits and logic structures with high complexity and density [1]. This
allowed the development of smart high performance devices, which can be found everywhere in
our daily life, e.g. as (portable) computers and smartphones.
The technical development was enabled by the shrinking of the structural sizes down to the
nanometer range, in which the properties of the materials start to deviate from their bulk coun-
terparts. The influence of the surface is significantly enhanced due to the high surface-to-volume
ratio [2]; and also the elastical [3], optical [4], electrical [5] and thermal [6, 7] properties of nanos-
tructured materials change and new effects like quantization [8] and reduced dimensionality [9]
appear.
The nanosized structures are usually processed by so-called top down approaches, in which the
final structure is developed by many processing steps from the bulk. Despite the waste of a
huge amount of material, those approaches have reached their physical size limits. A further
shrinkage of the structural sizes is often only possible by the development of cost-intense new
structuring processes. Those limitations can be overcome by the integration of self-assembled
nanostructures, which can be synthesized in self-organized bottom up approaches [10].
Semiconductor nanowires are one class of self-organized nanomaterials, which are expected to be
the future building-blocks for next-generation high performance devices [11]. A nanowire can be
described in first approximation as a cylinder with a diameter in the nanometer range (1...1000
nm), while the length often approaches tens of micrometers, even up to millimeters [12]. Nano-
wires offer a high potential due to their ability to combine the functional with the electrical or
optical connection element for new smart devices with enhanced properties. Examples have been
demonstrated for nanowire field effect transistors (FET) [13], FET based high sensitive sensors
[14], solar cells [15–17] as well as photonic devices like LEDs [18, 19], waveguides [20] and lasers
[21].
Several methods have been developed to synthesize nanowires from diverse material systems
by simple techniques like growth from wet chemical solutions [22], chemical vapour deposition
[23, 24], pulsed laser deposition (PLD) [25] and more complex techniques like metal-organic
vapour phase epitaxy (MOVPE) [26, 27] and molecular beam epitaxy (MBE) [28]. Beneath
the technologically relevant synthesis on silicon substrates, all kinds of substrates including even
transparent and flexible ones can be covered with nanowires [29]. A precise control of the final
structure can be achieved by the smart pre-patterning of the substrate and choice of the appro-
priate growth conditions [30]. Nanowires can also synthesized in material combinations, which
are incompatible for thin films due to the large lattice mismatch: The small footprints allow the
relaxation of the induced strain and a growth of the nanowire with a very high crystal quality
above [31]. By the incorporation of nanowires, new designs and layouts in three dimensions can
be realized [32], which are not possible by standard processing techniques.
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1.1 Nanowire photonics

The optical properties of semiconductor nanowires often exceed the properties of the bulk ma-
terial by far. The resulting interest in research created a new field of science called nanowire
photonics [33], which covers the investigation of the basic optical properties and realization
of photonic and optoelectronic nanowire devices [34]. Several effects were also observed on
the nanoscale like non-linear wave-mixing [35], second harmonic generation (SHG) [36, 37] and
coupling to plasmonic nanoparticles [38]. Diverse applications have been demonstrated using
nanowires as LEDs, waveguides, nanolasers, optical switches, beam splitters, interferometers,
resonator structures, just to name a few examples [25, 34, 39, 40]. Most of the effects and
applications are related to the basic optical properties of semiconductor nanowires:

Light emission The ability to emit photons upon optical or electrical stimulation originates
from the semiconductor material itself. The nanowire structure can be used to examine the
influence on the surface by different coatings like dielectrica and metals due to the large surface-
to-volume ratio [41, 42]. Nanosized light sources from ensembles [18, 39, 43] and single nanowires
[19, 44] could be realized, which offer highly localized and unidirectional emission.

Light confinement The high index of refraction of the semiconductors enables the efficient
light confinement and waveguiding with low losses, even for nanowire diameters in the sub-
wavelength range [20, 45, 46]. A strong light matter interaction results from the confinement
and enables the investigation of polaritonic effects [47, 48]. Extreme light confinements could be
realized by the coupling of semiconductor nanowires to plasmonic substrates [49, 50].

Light amplification The confined light is partially reflected at the nanowire ends or side
facets due to high contrast of the refractive index. Thus, the nanowire structure acts as opti-
cal resonator. Dependent on the nanowire morphology, Fabry-Pérot or whispering gallery type
resonator form a natural cavity [51–53], which provides a feedback for the confined light. Ad-
ditionally, the semiconductor material can overcome the absorption losses and achieve gain, if a
population inversion is achieved at high excitation [54]. The theoretically predicted high modal
gain for light confined in nanowires [55] could be experimentally observed [56]. The combination
of light emission, gain and feedback in the resonator enables the amplified stimulated emission
[57–59] and even lasing oscillations in nanowires [21, 60].

1.2 Key challenges

Although a huge variety of different effects and concepts for nanoscaled light sources has already
been demonstrated, most of the devices have the status of demonstrators or lack in a reproducible
performance. To overcome this, three major key challenges remain for the successful and efficient
integration of semiconductor nanowires in optoelectronic devices:

Fundamental properties and limits Many of the optical properties of semiconductor nano-
wires have only been investigated on ensembles, in which the properties of the individual nanowire
is lost in the superposition [57–59]. For a basic understanding of e.g. diameter related effects
and properties, single nanowires have to be investigated and their optical properties have to be
correlated to the morphology [21, 51]. Such investigations are able to uncover the fundamental
optical properties of the individual nanowires and will finally provide answers to the questions:
What are the physical size limits for nanowire optics? What is the smallest photonic laser device
possible?
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Tayloring of the nanowire properties by doping Although the intrinsic nanowires already
exhibit unique and extraordinary optical qualities, doping could even extend these by new optical
[61, 62], electrical [63–65], thermoelectrical [66, 67] and magnetical properties [68, 69], as well
as combinations of these [70]. Especially for the optical properties, doping with optically active
impurities like transition metals (TM) and rare earth (RE) elements enables the extension of the
emission range from the intrinsic band gap of the semiconductor to the IR. Multi-wavelength
and white light emission becomes possible from a single nanowire device by the combination
of the suitable dopants. The nanowires doped with such impurities would also allow a smart
realization of a solid state 4-level laser system on the nanoscale: The impurities embedded in
the nanowire are utilized as light emitters, which can reach the population inversion necessary
for gain at low pumping levels due to the long life times of the excited levels [71], while the
nanowire provides the efficient waveguide and the resonator structure for the optical feedback.
The approach could provide a solution to the drawback of undoped semiconductor nanolasers, as
the population inversion is reached in the quasi-3 level laser system only at very high pumping
intensities [21].
Doping of semiconductor nanowires with optically active impurities can be performed in two
approaches: incorporation during growth and post-growth modification using ion implantation.
The first method is difficult for VLS grown nanowires, as the growth process is sensitive to al-
tered conditions [72, 73]. The low solubility and high melting points of the dopants (and their
compounds) [74] hamper the successful incorporation [62, 75]. Doping of wet chemical synthe-
sized nanowires and optical activation has been successfully demonstrated for several material
combinations [75–77]. But the grown nanostructures exhibit rather poor aspect ratios [78–80]
and the crystal quality is worse compared to VLS synthesized nanowires [81, 82]. Additionally,
the control over the dopant distribution and concentration is limited and secondary effects like
dopant segregation, accumulation at the surface and formation of secondary phases may occur
[83, 84].
Ion implantation of nanowires as the alternative approach overcomes many of those limitation:
nearly every element can be implanted in the desired lateral distribution and concentration, even
above the solubility limit. Therefore, ion implantation advanced to a standard technique for
semiconductor doping [85]. Despite all the benefits, one handicap is the creation of crystal de-
fects due the nuclear stopping processes of the ion in the target [86]. The majority of the defects
can be recovered by thermal annealing, but a simple application of bulk annealing conditions
can lead to a dissolution of the nanostructures due to their reduced melting points [6]. Using
adjusted annealing conditions for nanowires, successful incorporation and optical activation after
annealing was already demonstrated for some nanowire ion combinations [9, 61, 62, 87]. The
challenge is to find impurities, which can be efficiently excited by the host material and emit an
intense intra-shell luminescence.

Elimination of the efficiency limiting processes The creation of defects during growth
or ion implantation directly points to another key challenge, which is the understanding and
control of the processes limiting the efficiency of the optical emission [88–90]. This includes the
investigation of the involved excitation processes of the impurity in the semiconductor matrix
[91] as well as their interaction with defects [92, 93]. With an understanding of these processes,
one will be able to uncover the loss processes and find optimized conditions for the impurity
emission. Additionally, the doped nanowires interact with their surrounding. It is required to
investigate and optimize the external influences like e.g. surface passivation [42, 94], electrical
contacts [95] and the influence of the substrate on the optical emission properties [96].
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1.3 Scientific goals

The outline of the thesis is structured as followed: Chapter 2 presents an overview on the
properties, excitation and recombination processes of II-VI semiconductors in the low and high
excitation regime as well as the optical properties specially related to semiconductor nanowires.
A brief introduction to the properties of transition metals and rare earth elements in II-VI semi-
conductors is presented and the incorporation of transition metal and rare earth impurities in
II-VI semiconductor nanowires is discussed.
The chapter 3 describes the sample preparation and experimental techniques used for character-
ization. A highlight is set on the properties of the micro-photoluminescence setup, which was
developed, realized and established within in the scope of this thesis. The setup forms the basis
for the widespread characterization of the emission properties of single nanowires. Additional
technical information on the setup is available in appendix A.
Chapter 4 addresses the first key challenge: the structural properties of VLS grown ZnO and
CdS nanowires are investigated and a special interest is given to the emission properties of single
nanowires at low and high excitation conditions. Lasing oscillations at room temperature were
proven above the threshold for single ZnO and CdS nanowires. The relation of the nanowire
morphology to the emission properties is established in order to determine the physical size lim-
its for CdS nanolasers. The influence of the substrate and the excitation polarization on emission
properties was investigated for CdS nanolasers. The chapter is completed with a comparison of
the lasing properties of ZnO and CdS nanowires, which allows the determination of the general
physical requirements for II-VI semiconductor nanolasers.
Chapter 5 concentrates on the second key challenge by the modification of ZnO nanowires by
implantation of cobalt as a suitable optically active transition metal. The morphology, stoichiom-
etry and local structure of the implanted nanowires are investigated to determine the optimum
preparation conditions. A comprehensive investigation on the emission and excitation properties
of Co ions in ZnO nanowire ensembles are presented and the optical properties of single doped
nanowires are highlighted.
Chapter 6 pays attention to the third key challenge by the investigation of the interaction of
Mn ions with defects in ZnS nanowires. Several approaches were performed to alter and control
the defect concentration of Mn implanted ZnS nanowires. The Mn-defect interaction is investi-
gated by the temporal decay of the manganese luminescence and comparison of the experimental
transients with the Förster dipole-dipole transfer model modified for 1D and 2D morphologies.
The second part of chapter 6 focuses again on the doping of ZnS nanowires by implantation of
terbium. The structural properties of rare earth implanted ZnS nanowires are described and a
conclusive investigation on the optical properties of ensembles and single doped ZnS:Tb nano-
wires is presented.
Detailed motivations for the individual experiments are presented at the beginning of each chap-
ter and important results are summarized at the respective chapter end. Chapter 7 summarizes
the results in respect to the key challenges and conclusions are drawn for future experiments and
the realization of devices.
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Zinc sulfide Zinc sulfide (ZnS) is a direct wide band gap II-VI semiconductor which occurs in
hexagonal (w-ZnS) as well as cubic configuration (c-ZnS) under normal conditions. The unit cell
of the hexagonal phase has a wurtzite lattice structure with C3v symmetry (compare figure 2.1
(a)). The band gap energy is Eg(wurtzite) = 3.91 eV at T = 19 K [105] and the lattice constants
are a(wurtzite) = b = 0.382 nm and c = 0.626 nm [106]. The arrangement of the conduction
and valence bands is similar to ZnO except for the symmetry of the valence sub-bands. The
energetic spacing between the sub-bands is ∆EAB = 28.9 meV and ∆EBC = 87.6 meV [99]. The
cubic configuration (shown in figure 2.1 (b)) crystallizes in a fcc lattice with zinc blend structure
(Td symmetry) with a lattice constant of a(cubic) = 0.541 nm [107]. The band gap energy of
the cubic modification Eg(cubic)= 3.78 eV at T = 19 K [108] is smaller than in the wurtzite
configuration and the top most valence band is only split in two sub-bands (A and B) with an
energetic spacing of ∆EAB = 70 meV [99].

Cadmium sulfide Cadmium sulfide (CdS) is another II-VI semiconductor with a direct band
gap of Eg(wurtzite) = 2.53 eV at room temperature [109]. As in the case of ZnO, the wurtzite
phase is the most stable at ambient conditions and the lattice parameters are a = b = 0.416 nm
and c = 0.676 nm [104, 107]. The structure and symmetry of the conduction and valence bands
is similar to ZnO. The refractive index of the ordinary ray at 517 nm (2.40 eV) is n = 2.76 and
the dispersion at this wavelength is dn/dλ = -7.963 µm−1 [110].

2.1.2 Luminescence of II-IV semiconductors

After excitation by a fast electron or a photon with an energy larger than the band gap, an
electron from the conduction band is lifted to the valence band creating an electron hole pair.
The electron (hole) relaxes fast in the order of femto- to picoseconds to the bottom of the
conduction band (the top of the valence band). Direct recombination of the carriers (band
to band) would lead to the emission of a photon owning the band gap energy, but the direct
recombination is unlikely in II-VI semiconductors.

Free excitons Due to Coulomb interaction, the electron is attracted by the hole and vice
versa, which leads to a bound state by formation of a quasi-particle called free exciton (FX).
Analogue to the hydrogen atom, the exciton Bohr radius aB is defined as the spacial expansion
of the exciton, which is 1.8 nm for ZnO, 2.5 nm for ZnS [98] and 2.8 nm for CdS [111]. The free
excitons are much larger than the unit cell and are therefore of Wannier type [112]. The energy
of the emitted photon EX is reduced by the binding energy EFXB of electron and hole (figure
2.2 (a)), which is 60 meV for ZnO [113], 36 meV for ZnS [114] and 28 meV for CdS [115] in the
ground state n = 1. The binding energy is larger than the thermal energy at room temperature
(kBT ≈ 25 meV), so that the excitons are stable even at temperatures above. The lifetimes of
excitons strongly depend on the crystal quality and are typically in the range of tens to hundreds
of picoseconds [46, 58, 116–118].

Exciton-polariton Excitonic excitations exhibit a strong coupling to the electromagnetic light
field in II-VI semiconductors, therefore excitons and photons cannot be treated separately on
the respective exciton and photon dispersion relation for states of equal energy. In other words,
an impinging photon creates an electron-hole pair (exciton), which recombines by emission of a
photon, creating an electron-hole pair and so on. The process is described by a quasi particle
called exciton-polarition [119]. The parabola shaped dispersion (dashed line) of the longitudinal
(EL) and transversal exciton (E0) shown in figure 2.2 (b) is crossed by the linear photon dispersion
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Figure 2.2: (a) Sketch of the exciton dispersion relation showing the ground (n = 1) and higher ex-
cited states. (b) Sketch of the exciton-polariton dispersion relation including the dispersion for excitons
(dashed) and photons (pointed). (c) Sketch of the recombination of a free exciton involving interaction
with longitudinal optical phonons. The resulting photoluminescence emission is plotted on the left.

(dotted line) with a slope influenced by the background (εb) and static dielectric function (εs).
The continuous line describes the dispersion of the exciton polariton, which splits into the lower
and upper polariton branch (UPB and LPB). The exciton-polaritons on the UPB follow the
excitonic dispersion for small k and approach the photon dispersion for high k. On the LPB, the
polaritons follow the linear photon dispersion for small k and advance to the excitonic dispersion
for high k. Excitons with high or low energy therefore exhibit a photonic character. Excitation
of the semiconductor with photons having energies much larger than the band gap results in the
creation of excitons on the UPB, which can relax by scattering at optical and acoustical phonons
into the LPB. The creation of excitons is always connected to polaritons, as both cannot be
treated separately. The term "exciton", used in this thesis, is meant equivalent to the exciton-
polariton.

Bound excitons and direct carrier recombination at impurities The kinetic energy
of excitons at low temperatures is small, which allows them to localise at imperfections in the
crystal lattice. The binding to an impurity further lowers the energy of the exciton, leading to
additional reduction of the photon energy equivalent to the binding energy. Such impurity sites
can be intrinsic crystal defects like vacancies or interstitial atoms, but also extrinsic impurities
like donors and acceptors [102]. Dependent on the type of impurities and their charge state,
the excitons are labelled as neutral donor bound (DX), ionised donor bound (D+X) or neutral
acceptor bound excitons (AX). The complex of a negatively charged acceptor and an exciton
is not stable and recombines in an electron and an neutral acceptor [120]. For ZnO and CdS,
donors are the main impurities making the material intrinsic n-type [97, 121]. This is why e.g.
the emission spectra at low temperature is mainly dominated by DX lines. As bound excitons
do not exhibit any kinetic energy for their center of mass, the spectral emission lines appear very
sharp in contrast to the emission lines from free excitons, that are broadened due to their kinetic
movement.
Direct recombinations of free electrons from the conduction band with holes offered by e.g.
acceptors (e,A) occur in ZnS [122, 123]. As the kinetic energy of the free electron can be
large, the resulting emission is spectrally broad compared to bound exciton emissions. Direct
recombination of electrons from donors with holes from the conduction band are possible as well.

Phonon interaction During recombination, carriers interact with the crystal lattice and and a
part of their energy can dissipate by the generation of one or more phonons [124]. Several phonon
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modes (optical and acoustic) are possible for semiconductors with a textured basis, which are
further divided to transversal and longitudinal vibration modes. The lattice atoms vibrate anti-
phase in optical phonon modes, creating a dipole moment, which can interact with the light field.
There is only very little coupling to acoustic modes as the atoms vibrate in phase. The most
prominent mode is the longitudinal optical phonon (LO) with an energy of 72 meV [125] for ZnO,
43 meV [126] for ZnS and 38 meV for CdS [127]. Due to the interaction with phonons, excitons
with high energies or high momentums can recombine optically as the momentum is conserved
by the phonons [128]. The original emission (zero-phonon-line, ZPL) is then accompanied by
an emission reduced by the energy of one or multiple phonons, as shown in figure 2.2 (c). The
phonon replica emission is labelled by their origin and the active phonon mode.

Deep level recombination Crystals in the thermodynamic equilibrium always contain a cer-
tain amount of point defects [129], which induce additional states inside the band gap. Carriers
can localize at these states and recombine by emission of a photon (deep level emission, DLE).
The origin can be of intrinsic as well as extrinsic nature: Point defects like vacancies, interstitial
atoms as well as anti-sites or defect complexes [97, 128, 130, 131] but also extended defects like
dislocations can induce optical active levels [102]. The energetic position as well as the carrier
recombination path for the defect levels are unclear in most cases and therefore heavily discussed
in literature [97, 132–134]. Further complications are induced as defects can occur in several
charge states having different energetic positions [135, 136]. In general, it is believed that the
emission from recombinations at interstitial defects appear at higher energies than from vacancies
states [137].
Extrinsic defects refer to impurity atoms on substitutional or interstitial sites, which are be-
lieved to generate optical active levels, like e.g. Cu in ZnO [138, 139] or Au in ZnS [140, 141].
The intrinsic and extrinsic defects induce distortions of the crystal lattice. The interaction with
phonons is therefore strong and the direct recombination of carriers is often accompanied by
phonon replica. The strength of the phonon-interaction is described for T → 0 by the Huang-
Rhys-Factor S [142]. The direct emission (ZPL) is dominating for S < 1, while S > 1 corresponds
to a reduced intensity of the ZPL accompanied by phonon replica. The ZPL is nearly suppressed
for values of 10 or more and the phonon replica form a Gaussian like emission band.

Non-optical recombination Despite optical recombination, excited carriers can recombine
non-radiative by transferring their energy to surface- and defect-related sites in the crystal [143].
As this reduces the emission intensity, those sites are sometimes called "killer centers". The
energy dissipates fast as heat (via phonons) into the crystal lattice [144].

2.1.3 II-VI semiconductors at high excitation

All the recombination mechanisms described so far occur at low electron-hole pair concentrations
np, so that the distance between carriers is large and interactions can be neglected. The emission
intensity scales linear with the excitation power in the low excitation regime, if no saturation
effects occur. A further increase of the electron-hole pair concentration lead to the situation that
the Coulomb attraction between electron and hole gets more and more screened, and finally to
the dissolution of excitons to free carriers. New recombination channels arise from the interaction
between excitons and free carriers, as shown in figure 2.3 (a) and listed below. In general, the
one-particle approximation is not valid any more in the medium and high excitation regime,
which results in non-linear optical effects.
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The emission of an EHP originates from the radiative recombination of electrons and holes in
the plasma (see figure 2.3 (b)). Valence and conduction band are filled with carriers up to the
quasi Fermi levels EhF and EeF . This is a non-equilibrium state, which is only sustained by
the continuous generation of carriers in the high excitation regime. The chemical potential µ
is given by the difference of the quasi Fermi levels µ = EeF − EhF and depends on the exact
impact power density. Radiative recombination can occur if momentum conservation is fulfilled,
resulting into a broad emission band. The spectral width of the EHP emission is determined
by ∆E = µ − Eg(np). At increasing carrier concentration, the bands are higher filled with free
carriers, which causes an enlargement of µ and therefore a broadening of the emission. As the
band gap renormalization leads to a smaller band gap at the same time, the broadening appears
at the low energy side for higher carrier concentrations.

Gain in II-VI semiconductors The intensity of light I(E, l) with photon energy E trav-
elling trough matter decreases exponentially with distance l due to scattering and absorption,
as described by the Lambert-Beer law [159]: I(E, l) = I0 · e−α(E)·l. I0 is the original intensity
and α(E) is the absorption coefficient, which depends on the energy of the photons. For highly
excited semiconductors, the absorption coefficient can become negative, which equals gain and
the light is amplified in the material: g(E) = −α(E). Gain can be achieved by spontaneous
or stimulated radiative recombinations of carriers from the filled valence and conduction band.
The situation sketched in figure 2.3 (b) can also be understood as a four-level system to describe
the EHP gain mechanism: the high K states are the pump states, which allow absorption of
photons with ~ω > Eg. Electrons and holes relax fast (∼ fs) by scattering with other carriers
and phonons to lower K states, and finally recombine from these states by emission of photons.
As the scattering processes are faster than the lifetime of states (∼ ps) near K = 0, population
inversion can be reached at sufficient high pumping. This enables light amplification in the range
between Eg(np) and µ−Eg(np) in the EHP. The chemical potential µ decreases at elevated tem-
perature [160, 161], so that higher carrier concentrations are necessary to achieve gain at room
temperature.
The emission process is called "amplified spontaneous emission" (ASE), as the emission over-
comes the absorption. The intensity of the ASE increases exponentially with distance l in the
gain medium. The g(E) function describes the material gain and is a fundamental property of a
semiconductor. The general course of g(E) called gain bandwidth is shown in figure 2.3 (c): light
with an energy below the band gap cannot be amplified, as the material is transparent. The gain
g(E) increases above Eg(np) and the course is determined by the Fermi functions of electrons
and holes and the combined density of states [54]. The transparency point is determined by the
highest occupied states µ−Eg(np) at which g(Etp) = 0 and strong absorption occurs above. The
maximum material gain is in the range of 7 · 103 cm−1 for ZnO and up to 2.8 · 104 cm−1 for
CdS [162].

Semiconductor lasers Embedding the gain medium in a resonator structure creates a feed-
back, which induces guided modes and enables further amplification of the emission, as used in
a LASER [163]. The emission amplification is determined by the modal gain gmod(E) of the
guided mode, which propagates through the gain medium:

gmod(E) = Γ · g(E). (2.1)
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The modal gain is connected to the material gain by the confinement factor Γ, which describes
the overlap of the guided mode and the active medium and takes values between 0 to 1. The
amplification of an emission mode can be achieved, when the gain overcomes the round trip
losses in the oscillator induced by absorption and reflection losses at the resonator mirrors. The
modal gain must overcome a threshold gth, which takes the loss mechanisms into account [164]:

gmod(E) > gth = α(E) + αW (E) + αM (E), (2.2)

where α(E) accounts for the additional loss mechanisms due to absorption and scattering, αW
describes the waveguide losses and αM = 1/2L · ln (1/(R1R2)) describes the mirror losses with
the reflectivities R1,2 at the ends of the resonator with length L. Only resonator modes above
the threshold gain gth will be amplified, as sketched in figure 2.3 (c). Typical edge emitting lasers
have a low modal gain of 50 - 150 cm−1, which results from a rather poor mode confinement of
Γ < 0.1 [165].

2.1.4 Optical properties related to the nanowire

Waveguiding II-VI nanowires have been proven as excellent waveguides [20, 166], as they
are able to guide light with a vacuum wavelength larger than their diameter with low losses.
The principle follows a step-index fiber with a cladding (air, vacuum) extended to infinity. The
guided light field exhibits a much stronger confinement compared conventional silica fibers due
to the high difference in the refractive index of nNW = 2.42 - 2.76 in the nanowire and nsur.
= 1 - 1.5 for air or silica substrates. Below a critical radius, estimated by dmin ∼ λ/n [51] (λ:
wavelength of the guided light, n: refractive index of the nanowire material), the light is not any
more completely confined in the nanowire, but extends into the surrounding and propagates as
evanescent field [20]. This is accompanied with increased waveguide losses.
At excitation above the band edge of the material, luminescence light is emitted and guided
along the wire, so that an enhanced emission is observed at the facet ends. The emission is
red-shifted with increasing distance compared to the emission at the excitation spot, which is
explained by absorption and re-emission processes during the travel along wire, which acts like
an active waveguide [166, 167]. For light with energies below the Urbach tail of the absorption
profile [168], no red-shift occurs and the light is guided passively along the nanowire as described
above.

Resonator effects The large difference in refractive index leads to the partial reflection of
the guides modes at the nanowire facet ends. The reflected wave interferes with the incoming
wave, thus creating a feedback in the form of standing waves in the nanowire resonator. This
introduces a modulation superimposed to the emission spectrum in the form of sharp peaks at
energies of constructive interferences. Straight nanowires with flat facet ends can be understood
as Fabry-Pérot type resonators [51], while reflection at the side facets becomes also possible for
large nanowire diameters in a whispering-gallery type resonator [53]. The type of the resonator
can be distinguished by the mode spacing.
Finite-difference time-domain (FDTD) simulations show a strong dependence of the reflection
coefficients on the guided mode, the refractive index change and the diameter of the wire [169].
Reflection coefficients up to 0.47 for the TE01 mode could be evaluated for ZnO nanowires
with diameters above 200 nm. Smaller diameter nanowires not only showed decreased reflection
coefficients, but also exhibit enlarged waveguide losses due to a larger fraction of the light guided
as evanescent field [21].



14 Theory

Gain The high confinement of the light field in the nanowire is not only attractive for waveguide
applications, but also brings advantages as the nanowire can serve as optical gain medium itself.
This brings a large overlap of the guided mode and the active medium with confinement factors
up to Γ ≈ 1. Nanowires with large diameters can even achieve confinement factors of Γ ∼ 1.2, as
the guided light not only travels along the wire axis, but can propagate in higher order modes not
parallel to the wire axis. Such modes propagate at a longer distance than the nanowire length.
Due to these factors, nanowires can achieve a high modal gain, which is in the same range as
the material gain. A modal gain of up to 2500 cm−1 has been theoretically predicted for 150 nm
diameter GaN nanowires [55]. The modal gain of ZnO nanowires as a function of diameter has
been experimentally determined to 400 cm−1 for 200 nm thick wires and up to 5000 cm−1 for
wires between 1.2 - 1.6 µm diameter [56].

Nanowire lasers Semiconductor nanowires with sufficient diameter therefore offer the essen-
tials for a efficient nanoscaled light source: Luminescence is generated at excitation above the
band edge, gain is achieved by the material at sufficient high pumping and the natural mor-
phology of the nanowire provides the waveguide and resonator structure. Indeed, amplified
spontaneous emission with sharp emission modes has been reported in many publications on
ZnO, CdS and similar nanowires [57–59, 170–176], but a conclusive proof of lasing emission was
missing. Zimmler et al. [21, 51] could observe the transition from ASE to lasing oscillations for
ZnO nanowires and examined the lasing properties as a function of nanowire morphology. The
proof for lasing oscillations in CdS nanowires will be provided in this thesis.

Influence of the large surface-to-volume ratio Although the nanowires behave similar to
bulk materials from the electronic point of view, several differences appear in their optical prop-
erties related to the large surface-volume ratio of nanowires compared to bulk [37]. Additional
states are induced close to the surface, at which excitons can localize (surface excitons, SX).
Their recombination appears red-shifted to the free exciton emission [177]. This dominates the
optical emission of ZnO nanowires thinner than 100 nm [178, 179].
Modifications of the surface alter strongly the emission properties. This arises from the pinning
of the Fermi level at the surface of the n-type ZnO nanowires, which induces an upward bending
of conduction and valence band [42]. In the untreated nanowire, holes at the surface can tunnel to
deep states in the volume and activate the deep level recombination. Coating the nanowires with
dielectrica and polymers lowers the upward bending [180, 181]. This reduces the tunnelling of the
holes to defect states, while the emission of excitonic states near the surface (SX) is enhanced.
On the other hand, coating the nanowire with metals induces additional gap states (MIGS) [41],
which trap electrons. In this case, the DLE emission is enhanced by the recombination of holes
with MIGS trapped electrons, while the recombination of surface excitons is hampered. Other
treatments like dipping in isopropanol or surface modification by silanization [182] enhance the
DLE emission as well, as similar processes are involved.

Lifetime and energy transfer The geometry of the nanowire shows an influence on the
emission properties of embedded optical active impurities. For Mn in ZnS nanowires, a lifetime
longer than the intrinsic lifetime for isolated ions in defect free bulk material was observed
[183]. The explanation is given by the influence of the refractive index n of the host matrix
on the transition probability, which is directly related to the lifetime of the ions (see chapter
2.2.2): the emission of Mn ions in ZnS nanostructures extends as evanescent field into the
surrounding. The effective refractive index is therefore lowered and intermediate between the
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bulk value and air/vacuum. This reduces the transition probability and elongates the lifetimes
of ions in nanostructures.
Another influence of the nanowire geometry was found for the energy transfer between Mn ions
and defects: The characteristic lengths of the Mn-Mn and Mn-defect interactions are typically in
the nm range. A restriction in geometry as induced by the nanowire structure will therefore affect
the energy transfer characteristics. The energy transfer was found to be quasi one-dimensional
along the nanowire axis for ZnS nanowires with low Mn content [9].

2.2 3d- and 4f-impurities in II-IV semiconductors

Elements with partly-filled 3d(4f)-shells exhibit extraordinary properties due to the interactions
of their unpaired electrons. Not only the resulting magnetic properties have drawn attention
in research [184], but also their optical properties [185] making them suitable dopants for light
emitters and laser crystals [186].
The term transition metal (TM) defines the elements with partly filled 3d-shell. The electronic
configuration is [Ar]4s23dn. Embedded in solids, the ions typically appear in the 2+ or 3+
ionized state, changing the electronic configuration to [Ar]3dn with n = 1 for Sc2+ and n = 9
for Cu2+. Typical coordination numbers are 4 or less, which accounts for a particular covalent
bonding type.
Rare earth (or lanthanides, RE) label the elements with partly filled 4f-shell ranging. Their elec-
tronic structure is [Xe]6s25d14fn. In solids, the elements occur dominantly in the triply ionized
state ([Xe]4fn) with n = 1 for Ce3+ to n = 13 for Yb3+. The 2+ state is found for Eu, Yb and
Gd (4+ for Ce) due to energetic reasons. The coordination number is 6 to 8, which is attributed
to the more ionic character of the bonding to the ligands.
The filling of the 3d(4f)-shell can be explained according to Hund’s rules, which predict that
the state with the highest spin quantum number S = |

∑
ms| (ms = ±1/2) has the lowest en-

ergy. For states with equal S, the state with the highest angular momentum quantum number
L = |

∑
ml| (ml = −l, ..., l) has the lower energy. The arising terms are labelled according to the

Russell-Saunders scheme as 2S+1L [187]. Taking spin-orbit coupling into account, L and S cannot
be treated separately and couple to the total angular momentum J = L+S,L+S−1, ..., |L−S|,
leading to a splitting of the term into the levels 2S+1LJ . The level with the smallest J is lowest in
energy up to the half-filled shell, the level with the largest J otherwise. In this way, the ground
state of the ions can be predicted.
The optical emissions of elements with partly filled shells have attracted interest in research
since the first report by J. Becquerel in 1908 [188]. Fascinating was the fact that the radia-
tive emissions, originating from electronic transitions within the 4f-shell, have dipole character
[189, 190]. This was in contrast to the prediction of electrodynamics, which demand a change in
parity between the initial and final state for dipole emission of electronic system in a spherically
symmetric potential (Laporte’s rule) [191]. A theory for the interaction of 3d(4f)-ions and the
crystal field of the surrounding media was developed by Bethe [192], but could still not explain
the radiative intra-shell emissions for rare earth. The solution was independently discovered by
Judd and Ofelt [193, 194], who proposed an admixture of states with different parity through
the crystal field, thus allowing induced electric dipole transitions for 4f-elements.
A short theoretical description of the energy level splitting and optical intra-shell transitions is
provided for an understanding of the experimental data. The effects are discussed phenomeno-
logically, the complete mathematical description is given e.g. in references [185, 195–199].
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2.2.1 Splitting of the energy levels

Lanthanides and transition metals in solids can be handled according to the solution of the
Schrödinger equation. The free ion is chosen as starting point and the influence of the host
matrix treated as perturbation.

The free ion The energy levels of the free ion are determined by the eigenvalues of the Hamil-
tonian H0, consisting of the summation of the kinetic and potential energy for each of the N
3d(4f)-electrons [185]. The potential energy is described by an effective potential Z∗ for each
electron at radius ri, which includes the screening of the attractive nucleus by inner electrons:

H0 = Hkin +Hpot = − ~2

2me

N∑
i=1

∆i −
N∑
i=1

Z∗e2

ri
(2.3)

Both the kinetic and potential term have spherical symmetry at this point, therefore the Schrödinger
equation for H0 is solved by a set of wavefunctions ψnlmlms(r, θ, φ), which are characterised by
the quantum numbers n, l,ml and ms.

ψnlmlms(r, θ, φ) =
1
r
Rnl(r)Ylml(θ, φ)χms (2.4)

The energy levels for transition metals (rare earth) with n = 3(4) and l = 2(3) are highly de-
generated, e.g. 3003-fold for the Eu3+4f6 configuration. The set of wavefunctions (equation 2.4)
are chosen as the starting point for the application of perturbation theory, because the energy
eigenvalues of the undisturbed system H0 are much larger than the perturbations (H0 >> Hx).
This can be estimated from the binding energies of the 3d(4f)-electrons, which can be more that
1000 eV [200].
The strongest perturbation of the free ion is introduced by the electrostatic Coulomb inter-
action of the 3d(4f)-electrons HC , which reduces the degeneracy and leads to a splitting into
(2S+1)(2L+1)-fold degenerated levels labelled as (2S+1)L terms, as illustrated for Eu3+ in figure
2.4(a). Including spin-orbit coupling HSO, L and S couple to J . The degeneracy is further
lowered by the splitting of the terms into (2S+1)LJ multiplets [71], which are now (2J+1)-fold
degenerated. It has to be noted that only Russell-Saunders coupling will lead to a pure (2S+1)LJ
state, while the ground state in the case of jj-coupling (which is typically found for lanthanides)
is characterised by a superposition of several (2S+1)LJ states, coupled by the coefficients of frac-
tional parentage [201–204].

HC = e2
∑
i

∑
j,j>i

1
|rj − ri|

HSO = ζ
∑
i

si · li (2.5)

Further perturbations, like the linear electrostatic two particle interaction HLC [205], non-linear
three-particle interactions HNLC for more that two electrons [206], magnetic induced spin-spin
and spin-other orbit interactions HSS,SOO [207] as well as electro static induced spin-orbit inter-
actions HECSO [207, 208], will only shift the energy levels. The splitting of the energy levels and
the relative strength of the interactions are visualized exemplarily for Eu3+ in figure 2.4 (a). The
final Hamiltonian is characterised by up to 19 free ion parameters. Fitting of the energy levels is
performed by parametrization of each interaction. The complete energy matrix is diagonalized
and finally solved using numerical calculations. The resulting energy level structure is known as
the "Dieke diagram" [195].
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Figure 2.4: (a) The energy levels of a free Eu3+ 4f6 ion are split by Coulomb and Spin-orbit interaction,
the other interactions lead only to a relative shift of the levels. The degeneracy of the free ion is reduced
by the interactions. The energy scale is arbitrary and intended to display the effects. (b) The energy
levels of ions embedded in a host matrix are further split by the influence of the crystal field, removing
their MJ degeneracy by the Stark effect.

Influence of the crystal field Incorporation of the 3d(4f)-ions into a solid matrix leads to
an additional perturbation HCF induced by the interaction with the crystal field. This lifts the
degeneracy on mJ and splits the (2S+1)LJ multiplet into 2J + 1 levels by the Stark effect, shown
in figure 2.4 (b). In a simple approach, the crystal field potential can be approximated as the
superposition of point charges at the positions of the surrounding atoms (point charge electro-
static model) [192]. This is of course oversimplified as covalent bonding, ligand polarizations or
overlap contributions are not regarded. More realistic models (e.g. like the ligand field model)
were developed, which could describe the influence of the crystal field in better accuracy [197].
An overview for the numerical treatment of the crystal field interaction is presented in [71].
The crystal field potential is described by suitable parameters B(k)

q (A(k)
q in a different notation),

which are restricted in that way that the crystal field Hamiltonian has to be invariant under
all symmetry operations of the point group representing the site symmetry of the ion in the
crystal. Only those crystal field parameters are non-zero that contain the symmetry elements of
the respective point group [71]. From this parametrization, some selection rules can be directly
derived. Further on, only the even parts are responsible for the splitting of the (2S+1)LJ mul-
tiplets, while the odd parts determine the intensities of the induced dipole transitions between
multiplets [193, 194].
The evaluation of the energy matrix including the crystal field results in non-diagonal matrix el-
ements with respect to the quantum number MJ , which require a relabeling of the levels split by
the crystal field (Stark level). Racah [201] suggested the irreducible representation Γi (according
to Bethe [192]) for rare earth elements, from which additional selection rules for polarization
can be directly derived. Only unpolarized spectra were investigated in this thesis, therefore the
relabeling of the multiplets was omitted. For transitions metals, which are stronger effected by
the crystal field, the Mulliken symbols A,B,E and T [209] are introduced, which describe the
degree of degeneracy of the crystal field level as well as some symmetry properties. A correlation
between both sets of symbols is listed in [198].

Further contributions Further contributions are introduced by the Kramers degeneracy
[210]. For a system with an odd number of electrons, the energy levels are at least double
degenerated, even in the presence of a crystal field [211]. This is a consequence of the invariance
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of the Hamiltonian under time reversal. The degeneracy is only lifted by a magnetic field. Such
double degenerated levels are labelled as Kramers doublets.
The positions of the atoms in the crystal lattice have been regarded as fixed so far. But from
the interaction of the nuclear framework with the electrons arises another contribution: the
symmetry at the site of the ion is distorted in order to achieve a lower energy state, known as
the Jahn-Teller effect [212]. The effect originates from the displacement of the nuclei around
their equilibrium positions induced by the interaction with the electrons [213]. The displacement
causes a deformation of the 3d-orbitals, but no transitions between them. Due to this distor-
tion, the degeneration of e.g. the ground state is lifted by the reduced local symmetry and the
resulting states are labelled as "vibronic". Two types of the Jahn-Teller effect are known: the
weak electron-nucleus coupling forces the system into a new stable nuclear configuration in the
static Jahn-Teller effect. This is absent for the dynamic Jahn-Teller effect, as the system moves
from one equilibrium configuration into another induced by stronger coupling. Both the Kramers
degeneracy and the Jahn-Teller effect have to be regarded for the splitting of the energy levels,
especially for transition metals in wide band gap semiconductors [214–217].

2.2.2 Intra-shell transitions

The electronic intra-shell transitions have electric dipole character, which is surprising, as electric
dipole transitions are parity-forbidden in the 3d- and 4f-shell according to Laporte’s rule [191].
This originates from the electric multipole tensor operator m(l) of rank l (l = 1 for dipole and
l = 2 for quadrupole radiation), which contains the electric dipole transitions operator D(l)

expressed by the position operator r of electron i [199]:

m(l) = −eD(l) = −e
∑
i

r(l)(ri, θi, φi) (2.6)

The electron position operator r does not commute with the parity operator π [218]:〈
i
∣∣ r ∣∣f〉 =

〈
i
∣∣π+π r π+π

∣∣f〉 = cicf (−
〈
i
∣∣ r ∣∣f〉) (2.7)

The condition above is only fulfilled, if the initial state
〈
i
∣∣ and the final state

∣∣f〉 have opposite
parities, which is not found for the 4f-system. Judd and Ofelt showed that the occurrence of intra-
4f-transitions can be explained by the admixture of states of opposite parity by the crystal field
[193, 194]. The starting point for a treatment by perturbation theory is an arbitrary initial level,
which is expanded with the disturbance of a configuration other than the 4f shell (e.g. 4fn−15d1)
induced by the odd parts of the crystal field. The evaluation of the electric dipole operator is
performed by parametrization of the perturbed levels. Finally, non-zero matrix elements are
calculated for the induced electric dipole transitions.
In the same manner, the magnetic dipole transitions can be derived using the magnetic multipole
operator µ(l), defined by the total spin S and total angular momentum operators L and the
electron g-factor ge:

µ(l) = − e~
2mec

(L + geS)(l) (2.8)

In contrast to electric dipole transitions, magnetic dipole transitions are parity allowed within
intra-shell transitions and may occur even under inversion symmetry, but their intensity is more
that one order of magnitude smaller that the induced electric dipole transitions. The selection
rules can be derived from the final expressions of the transition intensities and are listed e.g. in
[198]. It has to be mentioned that the transition rules are only valid for good quantum numbers,
but e.g. the selection rules onM and S break down in the intermediate coupling scheme (applied
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for transition metals) and the selection rule on J breaks down in the case of J-mixing (typical
for rare earth).
For the evaluation of the transition probability and intensity, the dipole strength D is calculated
from the absolute square of the matrix element of the respective dipole operator:

D = |
〈
i
∣∣D(l)

∣∣f〉|2 (2.9)

The Einstein coefficients for spontaneous absorption, representing the transition probability, can
be derived from the dipole strength. The Einstein coefficients for spontaneous emission are
proportional to these, but the dipole strength has to be corrected by the susceptibility χ of
the medium surrounding the ion (local Lorentz correction [199]), which can be approximated for
electric (ED) and magnetic (MD) dipole transitions by

χED =
n(n2 + 2)2
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χMD = n3 (2.10)

with n being the refractive index of the host material. Taking the susceptibility χ into account,
the Einstein coefficients for spontaneous emission at the frequency ν̄ between two individual
Stark levels can be written as:

A(i→ f)Stark =
64π4ν̄3

3h
[χMDDMD + χEDDED] (2.11)

The transition probability for a multiplet starting from the initial level i with Ji is essentially the
average of the individual transition probabilities under the implicit assumption that the Stark
levels are equally populated:

A(i→ f)Multiplet =
A(i→ f)Stark

(2Ji + 1)
(2.12)

The local Lorentz field correction includes the correction factor ν̄3χ, which induces an interesting
effect: For the same dipole strength, the transition probability in the ultraviolet is higher com-
pared to transitions in the infrared. Additionally, χ contains the refractive index n of the host
medium, which also depends on the frequency(wavelength) of the emission [219] and increases
the effect for high frequencies (short wavelengths). This suggests that lanthanide or transition
metal doped wide band gap semiconductors are promising UV and VIS emitters.

Influence of temperature The 3d- and 4f-ions experience not only the influence of the static
crystal field from the surrounding host matrix, but also electron-phonon interactions, which
can be divided into acoustical and optical phonons. Each multiplet, sufficiently spaced from
lower multiplets to prevent non-radiative relaxation and split by the crystal field, interferes with
acoustical phonons so that the population of each stark levels is determined by the Boltzmann
distribution. This is valid as the electron-phonon interaction takes place in a time scale of < ps
[91]; while the multiplets have typical lifetimes of µs to ms [91, 185], and therefore thermal equi-
librium of the Stark multiplets can be assumed before the radiative intra-4f-transitions occurs
[91]. A temperature dependent fractional thermal population can be derived from the interaction
with acoustic phonons, which depends on the degeneracy and energy above the lowest level and
results in a population of higher stark levels at elevated temperatures. This becomes visible in
a temperature dependent emission energy shift and change in the spectral line shape.
The interaction with optical phonons is responsible for the non-radiative decay of a multiplet suf-
ficiently spaced from other multiplets to prevent relaxation processes by acoustical phonons [220–
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222]. A theoretical probability for non-radiative transitions involving multiple optical phonons
is based on a transition rate model [223], which is governed by the energy of the phonon mode,
the number of involved phonons, the mean thermal occupation of a vibrational mode deter-
mined by the Bose-Einstein distribution and the Huang-Rhys parameter [142], accounting for
the magnitude of the electron-phonon interaction. The interaction with optical phonons deter-
mines not only the absence of a multiplet in a spectrum due to non-radiative decay, but also the
temperature dependent intensities.

Exciation and de-excitation mechanisms Several different excitation mechanisms have
been theoretically proposed and experimentally verified by PL and PL excitation spectroscopy
[91], which can be divided in three categories:
1) The 3d(4f) levels can be directly (resonant) excited by photons, e.g. from a tunable laser or
absorption of the host emission. The spectral line width are rather sharp (< 0.1 eV at low T)
and this process has a rather small cross section due to the small transition probabilities.
2) The second process involves the excitation of an external center, followed by non-radiative
energy transfer to the 3d(4f) ion and excitation of the respective inner shell. The external center
can be acceptor like defect states of the host crystal, which transfer their excitation energy to
the RE/TM ion typically acting as shallow donor. But also non-intrinsic impurities (sensitising
centers) can be excited, followed by energy transfer to the RE/TM ion. The excitation band-
width of such processed is usually broad (0.1 - 0.6 eV) and located below the band edge of the
host material [91].
3) The external excitation source generates excitons or electron-hole pairs in the semiconductor
host, which can be captured by the TM/RE ion and recombine via energy transfer, yielding into
the excitation of the 3d(4f) electrons. This mechanism can be further subdivided into defect
Auger recombination [224, 225] (trapping of a free or bound exciton and energy transfer to the
ion upon exciton recombination) and the ion acting as trap to bind carriers. The charged complex
attracts a carrier of the opposite species forming an exciton. The energy transfer is equivalent to
the first case. The excitation is observed as a broad band around or above the band gap energy
of the host.
Excitation by hot electrons (as used in cathodoluminescence) usually involves creation of the ex-
citation of the host material by the creation of carriers (analogue to case 3), but also additional
excitation mechanisms may occur: the hot electrons can scatter inelastic with the electrons of the
3d(4f)-shell, resulting in their excitation. The mechanism can be further subdivided into impact
excitation [226, 227] and impact ionization [228], at which the transition metal/lanthanide ion
is ionized by the impact of a hot carrier.
In an ideal inorganic solid, de-excitation occurs mainly by radiative decay and non-radiative tran-
sitions due to (multi-)phonon emission [221]. But in semiconductors, the de-excitation mecha-
nisms are more complex, as additional processes involving energy transfer to neighbouring ions or
non-radiative sites ("killer centers") are present [229, 230]. Such de-excitation processed can be
divided into four groups [91]: a) intra-ion multiphonon transitions [231, 232], b) cross-relaxation
processes (energy transfer between the 3d(4f) states of two TM(RE) ions) [233, 234], c) energy
transfer to impurity states outside the 3d(4f) shell (provided that there is sufficient energetic
overlap) [230] and d) Auger-type relaxation, in which the de-excitation energy is transferred to
free carriers [235, 236].

Lifetime and energy transfer The theoretical lifetime of a state is the inverse of the tran-
sition probability. Taking into account all possible radiative channels trough which an excited
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level i can decay, the theoretical lifetime is given by:

τ(i) =
1∑

f A(i→ f)
(2.13)

The experimental determined lifetime is often shorter due to non-radiative de-excitation mech-
anisms, the ratio of both determines the quantum efficiency η = τexperimental/τtheory of the
emission. Excited isolated ions in a perfect surrounding decay spontaneously, which results in
a single exponential decay. The decay rate is usually difficult to determine, but it is direct
proportional to the time-resolved luminescence intensity. A single exponential fit reproduces
well the examined decay behaviour in this particular case. If ions in different surroundings (lat-
tice sites or crystal phases) are present, the measured decay behaviour can be described by a
multi-exponential function with the lifetime τi of each site:

I(t) =
∑
i

I0,i · e
− t
τi (2.14)

Any deviation from this (single) exponential behaviour can be attributed to interaction with
defects or energy transfer within the 3d(4f)-ion subsystem. The interaction with defects allows
non-radiative de-excitation, which lead to a faster intensity decrease. Another shortening of the
lifetime is induced by energy transfer within the ion, e.g. by population of an energetically lower
multiplet.
For high ion concentrations, interactions in form of energy transfer in the ion subsystem be-
comes relevant. Several mechanisms have been observed [185], like resonant and phonon assisted
transfer, cross-relaxation and dipole-dipole interaction. The latter process was first examined
by Förster and Dexter [229, 230]. A modification of the theory can describe the energy transfer
between triply ionized 4f-ions in bulk crystals [237]:

I(t) = I0 · exp

[
− t

τ0
− Γ

(
1− 3

s

)
c

c0

(
t

τ0

)3/s
]

(2.15)

τ0 labels the intrinsic lifetime of isolated ions in a perfect surrounding, c0 a critical concentration
which equals a mean ion-ion radius, at which radiative decay and energy transfer have equal
probability and the parameter s, which describes the type of interaction (e.g. s = 6 for dipole-
dipole interaction). A further modification of the original model was introduced for implanted
semiconductor nanostructures [9, 183]. The influence of the nanostructure on the energy transfer
characteristics is successfully described for the decay of Mn2+ and Tb3+ in ZnS nanowires (see
chapter 6).

2.2.3 Differences of rare earth and transition metal elements

Although the optical emissions of transition metals and rare earth elements both originate from
intra-shell transitions, several differences arise from the interaction of the partly filled shell with
the host matrix.
For rare earth elements, the interaction with the surrounding is weak due to the strong shielding
of the 4f-shell by the 5s2 and 5p6 orbits [185]. This results in a very similar chemical behaviour
for all lanthanides.
The energy level splitting by spin-orbit coupling (typically ∼ 250 meV) is stronger for rare earth
than the influence of the crystal field (∼ 10 meV) [198] in the weak coupling regime, therefore
the energetic spacing of the electronic levels is nearly independent of the host material. A con-
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sequence are the low transitions probabilities and very sharp emission lines. In addition, only
marginal shifts are induced by elevated temperature and the sharp emissions appear even at
room temperature.
Transition metals behave in a different manner as they feel a stronger influence of their surround-
ing due to the weaker shielding of the 3d-shell by the 3s2 and 3p6 orbits. The consequence is
that the spin-orbit coupling is weaker than the crystal field influence in the moderate coupling
regime (HC > HCF > HSO) [238]. The 3d-level are broad, the energetic spacing varies with the
host material [239] and the electron-phonon interaction is stronger compared to rare earth. The
direct intra-3d-transition is often accompanied by phonon replica in a side band [239–241], which
even become dominant at elevated temperatures while the direct transition declines. The tem-
perature related de-excitation (thermal quenching) of transition metals is in many cases stronger
compared to rare earth elements.

2.2.4 Doping of II-VI semiconductor nanowires

Doping of semiconductors is crucial for the tailoring of the electrical, magnetical and optical
properties [238]. For semiconductor nanowires, this is still a challenging task as doping during
growth is difficult and nearly impossible for some material dopant combinations. For Si and III-V
compound nanowires, suitable precursors and methods have been developed with a lot of afford
to achieve p- and n-type doping during VLS growth [27, 242–244]. But the dopant can have a
strong influence on the nanowire growth and respective morphology [72]. Further on, the dopant
concentration and location is not uniform: the incorporation during growth mainly occurs by
VS growth on the nanowire sides, while the catalyst dot acts purifying on the core [245, 246].
Successful doping of II-VI semiconductor nanowires with optical active TM and RE ions during
growth is even more difficult due to their low solubility, the lack of suitable precursors [72] and
the high melting points of the TM/RE metals and compounds [74], which often exceeds the
nanowire growth temperatures. Successful doping of e.g. ZnO nanorods with RE could achieved
by wet chemical methods [78–82, 247, 248]. But the morphology, crystal quality and dopant
concentration of the grown structures is usually poor compared to VLS grown nanowires.
Ion implantation was proven as a reliable method for the doping of nanowires, as all limitations
induced by the VLS growth can be conquered [249, 250]: every element is possible and the choice
of ion energy and fluence offers the precise control of the dopant location and concentration, even
above the solubility limit. Successful doping with RE and TM by ion implantation has been
proven for VLS grown ZnO and ZnS nanowires [62, 87, 251–253]. But despite all advantages, the
ion implantation process is accompanied by the creation of crystal defects [254] and morphology
changes [255, 256], which have to be recovered by suitable implantation and annealing methods.
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The main details of the methods used in this thesis are described in a short summary. A
(micro-)photoluminescence setup was developed and installed during this thesis, which is briefly
described. Additional information are presented in appendix A.3.

3.1 Synthesis of II-VI semiconductor nanowires

II-VI semiconductor nanowires are typically synthesized using the Vapour-Liquid-Solid (VLS)
mechanism first described by Wagner and Ellis for micrometer sized Si whiskers [257]. A cata-
lyst (C) is required, which forms an eutectic with the source material (S) having lower melting
point. Substrates covered with the catalyst (typically gold as thin film (< 10nm) or colloid)
are heated to a temperature between the melting points of source material and catalyst. The
catalyst becomes liquid and forms nanometer sized droplets. Source material supplied from the
gas phase is preferentially absorbed at the surface of the catalyst droplet and forms the eutectic
solution. Steady supply of source material from the gas phase increases the concentration of the
source material in the droplet until supersaturation is reached and the source material nucleates
as solid phase, typically by heteronucleation at the interface between catalyst droplet and growth
substrate. The solubility of the catalyst in the source material is typically very low, therefore
nearly no catalyst is incorporated and the catalyst droplet remains on top of the growing nano-
wire. The diameter is determined approximately by the size of the catalyst droplet, the length
can be controlled by the time of source material vapour supply.
The VLS model using a quasi-binary phase diagram for catalyst and source material is to some
extend oversimplified for compound semiconductors (like II-VI materials), as ternary phase di-
agrams has to be regarded [23]. Due to the low solubility of the non-metal component (oxygen
or sulfur) in gold compared to the metal (zinc or cadmium) [258–260], it is assumed that the
non-metal is incorporated by indiffusion at the interface between catalyst droplet and nanowire,
similar to III-V nanowires [261]. A generalization of the VLS model for compound semiconduc-
tors was discussed in literature [262].
Growth occurs directly from the vapour phase (vapour-solid growth, VS) at high source material
vapour supply and elevated temperatures. This mechanism strongly depends on the surface ener-
gies and therefore favours specific crystal directions [30, 263, 264], leading to tapered nanowires,
nanosails [265] or the formation of nanobands with a height in the nanometer range and a width
up to micrometers [266]. The growth rate of VS is in the order of some nm/min and therefore
slow compared to VLS growth with up to µm/min.
ZnO, ZnS and CdS nanowires were synthesized in a self-assembled CVD reactor at a source
material temperature of 1350°C (ZnO), 1050°C (ZnS) or 800°C (CdS), respectively. The evap-
orated material is transported by Ar gas towards the growth substrates (Si chips covered with
a nominal 5 nm Au film) at the cooler end of the furnace, where nanowires grow at 1100-950°C
(ZnO), 970-830°C (ZnS) and 700-600°C (CdS). Influences of the growth parameters as well as
the optimum conditions for each material have been discussed in detail in foregoing studies
[23, 24, 66, 267–273], except for CdS nanowires, which have been investigated within this thesis
(chapter 4.3). The as-grown nanowires typically have random orientation towards the substrate
and grow on top of VS grown structures. For some experiments, the nanowires were transferred
to clean substrates either by the imprint technique (details see [249]) or by transfer via solution:
the nanowires are dispersed in isopropanol by applying an ultrasonic bath and distributed from
the solution on clean substrates.
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3.2.2 Ion beam doping

The ion beam doping of the nanowires was performed using the ion implanter ROMEO. The
Cockcroft-Walton type accelerator (High Voltage Engineering Europe) allows implantation of
nearly every element with ion energies from 10 to 380 keV and ion current up to tens of µA/cm2.
The desired element is introduced into the ion source either as gas or evaporated from the solid
phase. The gas is ionized by a hot filament and the positive ions are extracted by a negative
voltage and pre-accelerated with 10-30 keV. The ion beam is focused by electrostatic lenses and
mass separated using a 90° bending magnet. The magnetic field applied perpendicular to the ion
direction guides the charged ions on a curved path due to the Lorentz force. The strength of the
magnetic field allows the selection of a certain mass/charge ration, which passes the separation
slit behind the bending magnet. The isotope pure beam is further accelerated up to 350 keV,
focused by ion optics and scanned across the sample in order to achieve lateral homogeneous
implantations. The ion current on the sample is integrated in order to determine the ion fluency.
All implantations were performed at high vacuum conditions (< 5 · 10−6 mbar).
The impact of an ion leads to the creation of up to 1000 defects (interstitial-vacancy pairs). Al-
though a large number already annihilate at room temperature for certain materials, a significant
amount is still left after the implantation which dominate the optical and electrical properties
of the semiconducting nanowires. A reduction of the ion induced damage can be achieved by
thermal treatment (annealing) enabling the recrystallization of the lattice and activation of the
introduced dopants.
Post-implantation annealing at temperatures between 500 - 900°C in air (ZnO nanowires) and up
to 600°C in high vacuum (ZnS nanowires) resulted in a sufficient reduction of the defect related
emissions and optical activation of the dopants. As an alternative approach, high tempera-
ture implantations were performed. The higher mobility of the displaced atoms and therefore a
higher annihilation rate of vacancies and interstitials leading to an increased in-situ recovery of
the crystal lattice. Such an enhanced dynamic annealing was observed for nanostructures, as e.g.
amorphization could be completely suppressed for Mn implanted GaAs nanowires by implanta-
tion at elevated temperatures [68, 274]. In this work, implantation of ZnO (ZnS) nanowires was
performed up to 700°C (600°C).

3.3 Characterisation methods

3.3.1 Structural characterisation

Scanning electron microscopy (SEM) As the diameter of nanowires is typically below the
Abbe resolution limit of light microscopes, electron microscopy is used for structural characteri-
sation as the shorter DeBroglie wavelength of the electrons provide the needed resolution in the
nm range. Using scanning electron microscopy, an energetic electron beam is focused to a few
nanometers and scanned across the sample. Imaging is performed by the correlation of the signal
intensity of the sample response with the location of the electron beam. In this matter, different
types of information can be obtained as e.g. the signal of secondary electrons reproduces well
the morphology and while the backscattered electrons include additionally a mass contrast. The
resolution is not only determined by the focus of the electron beam, but also strongly depends
on the interaction volume of the electrons with the sample. Detailed information about this
technique are given in [275, 276].
In this work, a JEOL JSM-6490 SEM equipped with a LaB6 thermal electron gun was used for
structural characterisation. The acceleration voltage could be altered between 1 to 30 keV and
the system provides a resolution down to 10 nm. High resolution images were obtained using
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the field emission column of a dual beam focused ion beam (FIB) system (FEI Helios NanoLAB
600i) with a resolution of 1 nm.

Transmission electron microscopy (TEM) Sub-nm imaging was performed using trans-
mission electron microscopy. In contrast to SEM, the image is not formed by scanning across
the sample, but a parallel high energetic electron beam (typically 300 keV) illuminates the sam-
ple. Several methods are available to generate an image: in bright field mode (BF), the parallel
beam is imaged through the sample onto a screen or CCD camera. The contrast is generated by
absorption of electrons in the sample ("mass-thickness contrast"). In dark field mode (DF), only
electrons diffracted in a certain direction are used to generate an image. The structures diffract-
ing the electrons in this certain direction appear bright ("diffraction contrast"). Increasing the
magnification, single atom columns become visible in the high resolution mode (HR-TEM). The
image is generated by the interference of the transmitted (undiffracted, forward scattered) elec-
tron reference wave and the diffracted wave. Therefore, information about crystal phases and
lattice parameters can be obtained from fast Fourier transformation (FFT). To accentuate cer-
tain crystal directions, only certain reflexes can be selected and re-transformed (iFFT). Imaging
of the electron diffraction pattern (DP) provides information about the crystalinity and sample
structure. In selected area electron diffraction (SAED), the area for the generation of the diffrac-
tion pattern can be confined using an aperture. If a scanning unit is available, the focused beam
can be positioned on a certain location or scanned across the sample (STEM). This is useful for
the spacial high resolved investigation of the sample the combination with other methods. A
good overview and more details on TEM imaging is presented in [277–280].
TEM investigations were performed at the Institute for Material Science Jena (IMT) using a
JEOL JEM 3010 with a thermal LaB6 electron gun at 300 keV offering a point resolution of
0.21 nm (lattice resolution 0.14 nm). The preparation for nanowires is fairly easy as they can be
transferred to TEM specimen (copper grid with carbon foil) by imprint. In addition, nanowires
are electron transparent up to a thickness of typically 100 nm.

Energy dispersive X-ray analysis (EDX) As high energetic electrons penetrate the sample,
target atoms can be ionized. Bound electrons of upper shells fill the vacancy and the energy
is dissipated as X-ray photon whose energy is characteristic for each element and transition.
Analysis of the X-ray energy and intensity provides information about the elements and their
stoichiometric composition (energy dispersive X-ray spectroscopy).
Both the JEOL SEM as well as the JEOL TEM are equipped with a nitrogen cooled Si(Li)EDX
detector (typical energy resolution of 150 eV at 5.9 keV). The detection limit for elements heavier
than carbon are typically in the order of 1 at.%. Point analysis at a selected location, along a
direction (line scan) or mapping can be performed by monitoring the intensity of the element
specific X-ray intensity as a function of the excitation position.

X-ray fluorescence (XRF) X-ray fluorescence is similar to EDX, but instead of energetic
electrons, X-rays are used for the excitation of the sample. The advantage of this method is
that nearly no disturbing background signal is present in contrast to excitation by high energetic
electrons, which emit bremsstrahlung upon de-acceleration. The detection limit is therefore
enhanced to ∼ 0.1 at.% compared to EDX.
The investigations of single nanowires were performed in close collaboration with the group of
Dr. Gema Matrinez-Criado at the European Synchrotron Radiation Facility (ESRF, Grenoble)
at the beam line ID22NI. High laterral resolution was achieved by focusing the X-ray beam using
a pair of Kirkpatrick-Baez multilayer coated Si mirrors down to a spot size of 50 x 50 nm2. The
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monochromated X-ray beam (using a Si(311) monochromator) with an energy between 3 - 27 keV
excite the sample with a flux up to 1011 photons/s in the focal spot (at 17 keV, ∆E/E ≈ 10−2).
The intensity of the incident beam was monitored using a gas-filled ionization chamber. The
emitted X-ray fluorescence was detected at 15° in respect to the sample surface by an energy
dispersive silicon drift detector. The XRF spectra were analysed using the non-linear least-
squared fit routine PyMca [281]. XRF maps were obtained at an excitation energy of 12 keV
and a pixel size of 25 x 25 nm2 with integration times of 500 ms per point. The information
depth, determined by the penetration depth of the incident X-rays, the energy of the resulting
fluorescence X-rays and the absorption of the sample, is 8.0 µm and 4.3 µm for the Zn and Co
fluorescence photons at the used excitation energy [282], so the the contribution of the complete
nanowire is detected. Detailed information about the beam line, instrumentation and technical
parameters are given in [283–286].

X-ray absorption spectroscopy (XAS) X-ray absorption spectroscopy (XAS) is performed
by analysing the intensity of an emitted fluorescence X-ray energy (and therefore the X-ray
absorption) as function of the excitation X-ray energy in high resolution (typically 1-5 eV).
Two techniques are available for different purposes: X-ray absorption near edge spectroscopy
(XANES) investigates the shape and structure of the absorption edge to gain information about
chemical composition, charge states, lattice sites, crystal structure and quality. Extended X-
ray absorption fine structure spectroscopy (EXAFS) investigates the energy range above the
absorption edge. The XRF signal is modulated by the inference of the emitted X-ray photon
waves and reflections at neighbouring atoms. Therefore, the local environment (first and second
nearest neighbours) can be probed to obtain information about the direct surrounding of the
probe atoms like interatomic distances and structural order. Details on the methods are given
in [287, 288].
The high spacial resolution of the ID22NI beam line at the ESRF allowed XANES and EXAFS
measurements at several different positions on one single nanowire using the equipment men-
tioned in the previous paragraph. XANES and EXAFS spectra were acquired in XRF mode
with a excitation energy step size of 1 eV and integration times determined by the counting
statistics. Data analysis was performed with the IFEFFIT package [289].

3.3.2 Optical characterisation

Luminescence is the spontaneous emission of radiation after an external non-thermal excitation
[290]. Depending on the excitation source, it is further specified as photoluminescence (excitation
by photons), cathodoluminescence (energetic electrons), chemiluminescence (chemical reactions)
and so on. After excitation, the generated carriers can recombine and emit photons whose en-
ergy is related to the energy of electron and hole (and therefore the band edge Eg) or the energy
levels of impurities or defects. Luminescence spectroscopy investigates these radiative recombi-
nations in order to obtain information about exciton and acceptor/donor energies, impurities,
defect states and recombination dynamics and can judge the material quality. The emissions of
optical active impurities allow insights into donor-acceptor recombination dynamics as well as
the properties of electronic intra-shell transitions.

Cathodoluminescence spectroscopy (CL) Cathodoluminescence spectroscopy uses an elec-
tron beam to excite the sample by ionization or elastic and inelastic scattering, which is rather
strong as one electron typically generates E/3Eg electron-hole pairs [291, 292]. The emitted
luminescence light is collected by a parabolic mirror and guided towards the detection system.
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Figure 3.2: Scheme of the CL system: The fo-
cused electron beam is used to excite the sample,
the luminescence light is collected by a parabolic
mirror and guided to the detection system. In
panchromatic CL mode, the luminescence inten-
sity is detected by the photomultiplier as a func-
tion of the excitation position. In monochro-
matic CL mode, the luminescence light is spec-
trally dispersed in the monochromator and de-
tected by the photomultiplier (PMT) or CCD.
Sample cooling using the cryostage is available
down to 6 K.

CL in combination with SEM is very valuable for the investigation of semiconductor nanostruc-
tures. The penetration depth and interaction volume of the electron beam can be adjusted to the
dimensions of the nanostructures by lowering the acceleration voltage to 1 - 10 keV and allows
depth resolved analysis of bulk samples. The electron-sample interaction can be simulated using
the Monte Carlo code CASINO [293–296]. The latest version (v3.2) even takes 3D geometries
into account [297]. The combination of optical with morphological and stoichiometric informa-
tion (evaluated by the secondary electrons or EDX) is useful for the spacial resolved detection of
e.g. impurity distributions. As a disadvantage, the light detection is global, this means that the
exact position of the emission cannot be identified. A general review about cathodoluminescence,
techniques and applications is provided by [291, 298]. An good overview of the possibilities for
the investigation of nanostructures and related effects is given in [299, 300].
Cathodoluminescence measurements were performed with the JEOL SEM equipped with a
GATAN MonoCL3+ system. Figure 3.2 shows the scheme of the system, which has be setup
and established within the frame of this thesis. The sample is excited by the focused electron
beam, the emitted light is collected by a parabolic Al mirror (PM) and guided to the detection
system. A long pass filter (F) can be inserted to block unwanted emissions. Two detection
modes are available: (1) The luminescence light is guided directly on the photomultiplier (PMT)
detector in pancromatic mode. Therefore, the total light intensity is detected as a function of
the electron beam position. (2) The light is guided by mirrors (M) and focused by a lens (L)
onto the entrance slit (S) of the 300 mm monochromator for spectral resolved investigations in
monochromatic mode. A 1200 l/mm (VIS) is installed as standard, a second grating can be
exchanged according to the specific application. The spectrally dispersed light is focused onto
the exit slit and guided to the photomultiplier detectors. A PMT with high sensitivity in the
VIS range (Hamamatsu R943) and wide range IR PMT (Hamamatsu 5509) are available. For
fast spectral acquisition, an additional mirror is inserted in the monochromator, which guides
the light onto a CCD camera (Princeton Instruments Spec-10). This allows several acquisition
modes: besides spectra recording by parallel (CCD) or serial (PMT) detection, monochromatic
luminescence maps and hyperspectral images (complete spectrum at each point) can be recorded.
A cryostage can be mounted in the SEM chamber, which allows sample temperatures between 6
K to 300 K at liquid He operation and 78 K to 300 K using cooled dry nitrogen. A quick load
system allows the exchange of samples at low temperatures within typically 15 minutes. Power
dependent measurements can be performed by variation of the electron beam current within ∼
10 pA to more than 100 nA.

Photoluminescence spectroscopy (PL) Photoluminescence is a complementary technique
to CL, as it uses mono-energetic photons (usually provided by a laser) instead of the multi-
energetic excitation by hot electrons. This brings the advantage of a more specific excitation
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to 0.05 nm. The dispersed light is detected by a LN2 cooled front-illuminated CCD (Princeton
Instruments Spec-10, 200 - 1100 nm) in the UV-VIS range or a LN2 cooled InGaAs photodiode
array (IGA, Princeton Instruments OMA V, 800 - 1700 nm) in the IR, providing a detection
range from 200 - 1700 nm. The CCD can be exchanged to a Peltier cooled intensified CCD
(iCCD, Princeton Instruments PI-MAX 3), providing temporal resolution down to ns in the
range of 200 - 900 nm. Technical details on the lasers, gratings and detectors are summarized in
the appendix (chapter A.3).

µPL setup A self-built epifluorescence microscope was realised for the investigation of the
emission properties of single nanowires. The scheme of the micro-photoluminescence setup is
displayed in figure 3.3 (b). Flipping away a mirror of the macro setup, the laser beam is guided
to a beam splitter and focused by a microscope objective (MO) to a spot of a few µm diameter.
The laser beam transmitted through the beam splitter can be used for on-line power monitoring
using the Si photo diode (PD). For lasing experiments, a defocussing lens (DL) can be inserted
into the beam path which enlarges the laser spot to ∼ 30 µm diameter. A white light lamp can
be coupled into the beam path by a beam splitter for bright field illumination of the sample.
The luminescence light of the sample mounted in the cryostat is collected in backscatter geom-
etry by the same microscope objective and passes the beam splitter in straight direction. The
backscattered laser is blocked by long pass filters in a filter wheel (FW). The image of lumines-
cence emission is detected on a TV camera. For spectral resolved detection, a mirror is flipped
away and the luminescence light is focused by a lens (L) on the front entrance slit (S) of the
monochromator described above. Additional technical information on the available microscope
objectives and the optical resolution of the system are available in the appendix (chapter A.3.5).

For investigations of the direct power output and the on-axis far field emission of a nanowire,
excitation and detection have to be decoupled. A modified "Head-On" µPL setup was realized
for this purpose, which is shown in figure 3.3 (c). The excitation laser beam is guided by a mirror
(M) and a beam splitter (BS) to the excitation microscope objective. The position of the focused
laser spot on the sample can be adjusted by tilting the laser beam with the beam splitter and
re-positioning of objective by a 3-axis stage. The white light source coupled into the excitation
path provides bright-field illumination of the sample. The image of the sample and the laser spot
is recorded by a TV camera (TV2). The detection microscope objective is matched with the
focal spot of objective A and collects the on-axis emission of a nanowire. The sample is adjusted
by a 3-axis stage in combination with a rotary stage. A λ/2 wave plate in front of the excitation
objective is used to rotate the polarization axis of the laser beam.

Time resolved photoluminescence spectroscopy (TRPL) Time resolved photolumines-
cence measurements (TRPL) were performed in collaboration with Uwe Kaiser and the group of
Prof. Dr. Wolfram Heimbrodt at the Philipps University in Marburg [88] (figure 3.4 (a)): the
fundamental wavelength (1064 nm) of a pulsed Nd:YAG laser (Quantel Brilliant, repetition 10
Hz, pulse width FWHM 3.5 nm, pulse energy up to 50 mJ) was frequency tripled (355 nm) for
excitation. The intensity of the laser can be varied by several orders of magnitude by insertion
of attenuating glass plates into the beam. The laser beam was dispersed by a UV fused silica
prism and the desired wavelength passes an iris aperture and was guided by mirrors onto the
sample mounted in a LHe bath cryostat (Oxford Optistat) at temperatures between 10 - 300
K. The luminescence light was collected by a pair of convex lenses, focused on the 250 mm
monochromator (Oriel MS257), dispersed either by a 300 l/mm (blaze 500 nm) or 600 l/mm
(blaze 400 nm) grating and detected by an intensified CCD camera (iCCD, Andor iStar). The
iCCD was synchronized with the laser allowing luminescence detection from a few nanoseconds
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4 Lasing in undoped ZnO and CdS nanowires

This chapter displays the structural and the optical properties of ZnO and CdS nanowires at low
and high excitation conditions. ZnO nanowires were synthesized in collaboration with Martin
Gnauck and Andreas Thielmann. The details have been published in [23] and the respective
diploma theses [268, 271, 301, 302]. The synthesis of CdS nanowires was performed in collab-
oration with Michael Kozlik, Amanda McDonnell, Julian Kühnel and Andreas Thielmann (see
the diploma theses [270, 272, 302, 303]). The structural as well as optical characterization are
presented in this chapter. The lasing properties of single CdS nanowires were investigated in
close collaboration with Andreas Thielmann and Robert Röder (see diploma theses [302, 304]).
Parts of this work are published in [305].

4.1 Motivation

Miniaturized light sources are the key point for the development of smaller and more efficient op-
toelectronic devices with enhanced properties and functions [306]. Semiconductor nanowires are
promising candidates as they combine all necessary functions of the active part with the connect-
ing element: light emission by electrical (or optical) excitation, excellent waveguide properties
and light amplification by stimulated emission and lasing.
ZnO as a direct wide band gap semiconductor [98] exhibits a high exciton binding energy [113],
which allows intense excitonic light emission in the near UV at room temperature [152]. The
synthesis of ZnO nanowires is fairly easy [30] and offers accurate control for the nanowire di-
mensions [307], which dragged a lot of interest on the investigation of their optical properties
as LED and photonic waveguide [19, 20, 36, 44, 308, 309]. Evidence for amplified stimulated
emission under optical excitation was reported by many groups [170, 173–175] and the transition
to laser oscillations in single ZnO nanowires could be observed [51], but a drawback for the in-
tegration into future devices are the high lasing threshold of ∼ 300 kW/cm2 [21] and the lack of
stable and reproducible p-doping for ZnO [97, 128]. This might be solved by the incorporation
of optical active 3d- and 4f- ions into the ZnO nanowire cavity, which promises lower thresholds
and enhanced properties like multi-wavelength emission depending on the choice of the dopant.
ZnO nanowires are ideal suited for the modification by ion implantation doping due to the high
radiation hardness of ZnO [310]. In order to judge the modifications introduced by the ion im-
plantation process and the dopants, the properties of the untreated ZnO nanowires have been
investigated first and are described in this chapter.
CdS nanowires are also promising for optoelectronic applications in the VIS range, as light emis-
sion at electrical excitation [311], efficient waveguiding [166] and stimulated emission [57–59]
have been observed as well as evidence for lasing at low temperatures [171]. A hybrid photonic
plasmonic nanowire laser with extreme light confinement could be realized by coupling of CdS
nanowires to a plasmonic substrate [49], but the high optical losses of the plasmonic structure
only allows light amplification at very high pumping powers in the order of some MW/cm2.
A future integration of CdS nanowires into devices needs the investigation of two key points:
conditions for a controllable and reliable synthesis of high quality nanowires and the systematic
study of their emission properties related to the nanowire dimensions. Although a lot of afford
was already spent on CdS nanowire synthesis since several years ([312] and references therein),
a comprehensive diagram of the VLS synthesis parameter has only been reported recently [305].
In addition, most previous experiments on the light amplification properties have been carried
out on nanowire ensembles [57–59], so that the properties of the individual nanowire is lost in
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ensemble is a more reasonable explanation.
Another peak is observed on the low energy side of the DX emission at 3.357 eV (labelled I9),
which is related to a further extrinsic impurity and could be assigned to In as donor [322], a
typical contamination of the used ZnO powder [323]. The sharp line at 3.333 eV is related to
excitons bound to structural defects (ADX) [102]. The higher intensity of the as-grown sample
is a hint for a higher defect concentration of the structures below the nanowires, as this line is
only weak for the bare nanowires in the imprint. A shoulder at 3.320 eV is commonly explained
as a two-electron-satellite (TES) [102, 324], which occurs when the neutral donor is excited from
the 1s ground state to a higher state (like 2s, 2p, etc.) after recombination of the bound exciton
[54]. Several additional peaks appear on the low energy side. The spacing of 72 meV allows the
assignment to the longitudinal optical phonon replica (LO) of the free and donor bound excitons,
respectively [99].
The DX emission shows a strong intensity decrease with increasing sample temperature and is
totally quenched at 90 - 110 K [325]. The localization energy of excitons at the donors equals the
thermal energy at these temperatures, so that all bound excitons dissociate and ionized donors
remain at temperatures above [102]. The free exciton and its phonon replica is enhanced and
dominates the emission at room temperature [24] (compare spectra in figure 4.3 (a)). It shows
a red-shift due to the temperature dependence of the band gap, which can be described by the
Varshni formula [326].
Several defect related ZnO emission bands have been observed between 1.5 to 2.9 eV [132, 133,
327], but the origin of defect emissions is still controversial discussed in literature (see e.g.
[97, 128, 327]). Several models have been suggested to explain the defect related emission in-
volving CuZn as extrinsic defect [138, 139, 328], intrinsic defects like interstitials and vacancies
[132, 329–334] and more complex defects [335–337]. The basic ideas of the suggested models and
their drawbacks are discussed in [301]. The broad emission band centered at 2.4 eV (FWHM
470 meV) with a periodic fine structure on the high energy side ("green defect band") is typical
for as-grown ZnO nanowires and clearly visible in figure 4.1 (a). The emission properties and its
temperature behaviour can be described by a configuration coordinate model [338] involving a
transition from the conduction band or a donor to a deep level [336]. The deep center exhibits
local vibrational states, which are characterized by a local phonon energy [339, 340]. The shape
and width of the emission can be explained by a series of donor - deep center transitions. The fine
structure at low temperature can be understood by the assumption, that the transition originates
from two shallow donors with an energetic spacing of 30 meV to the same deep center [337], which
is accompanied by generation of longitudinal optical phonons [336]. The fine structure is present
only at low temperatures and vanishes above 100 K [268]. To explain the temperature behaviour,
it is assumed that the transition mainly originates from the donor states at low temperatures.
Around 100 K, the donors are ionized (as observed for the donor bound excitons) [325] and the
fraction of band to deep level transitions increase and are finally the main emission channel at
temperatures above.
Several assumptions have been made for the nature of the involved defects. Intrinsic defects
like vacancies (VZn and VO), interstitials (Zni and Oi) and antiside defects (OZn and ZnO) are
more likely than extrinsic defects, as the first are usually generated either during growth or in
huge amounts due to the ion implantation process. Oxygen vacancies VO are often suggested as
origin for the green defect emission [329–332]. Annealing in an oxidizing atmosphere (air / O2)
should therefore reduce the VO concentration in the nanowires and lower the defect emission, but
the opposite was observed and a higher defect emission is present for annealed ZnO nanowires,
especially after ion implantation and subsequent annealing. In addition, oxygen vacancies as well
as interstitial oxygen in tetrahedral sites (Oi,th) and zinc on oxygen sites (ZnO) [136, 318, 341]
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introduce deep donor states into the band gap [341, 342], so that the participation of these species
cannot describe the emission behaviour for ZnO nanowires for the assumed model [301].
A reasonable assumption for the involved shallow donor state is zinc on tetrahedral and octa-
hedral interstitial sites [136, 318]. The donor bound exciton emission line I3,3a is related to Zni
[102, 319] and shows as strong emission intensity decrease around 100 K as the donors are ionized;
therefore, this can also explain the temperature behaviour of the fine structure. In addition, the
binding energy of the shallow donor levels are 31 and 61 meV [318, 343], which fits well to the
nature of the observed fine structure at low temperatures.
Several defects like zinc vacancies (VZn), interstitial oxygen on octahedral sites (Oi,oc) and oxy-
gen on zinc sites (OZn) are assumed as deep acceptors [136, 318, 334, 344, 345] and are therefore
possible assignments for the involved deep centers [61]. The participation of VZn is unlikely, as
their concentration is usually low due to the high concentration of Zni [334]. Additional to this,
the implanted TM and RE ions usually occupy Zn lattice cites [346, 347], so that no significant
amount of VZn is generated by the implantation. But the energy levels of the remaining two
species are suitable [136, 318, 345] to assume these to be the deep centers [61, 335].
For oxygen rich ZnO nanowire or thin film growth conditions, an additional defect band centered
at 1.9 eV is observed [302, 348, 349]. This "red defect band" also appears after ion implantation
and annealing in an oxidizing atmosphere [335, 350], which gives rise to the assumption, that the
origin is an oxygen related defect: during growth (or annealing), the recombination of oxygen
interstitials with vacancies competes with the indiffusion of oxygen from the ambient [329, 330],
which results in a remarkable reduction of the oxygen vacancy, but interstitial oxygen remains
in the lattice. A thermal activation energy of 1.9 eV was determined for oxygen at tetrahedral
interstitial sites by ESR measurements [351], which allows the assignment of the band to this
defect. The emission properties allow an explanation of the emission by the configuration coor-
dinate model [336] with a transition from a shallow donor to a deep acceptor [132].
Comparing the as-grown ZnO nanowire ensemble to the bare nanowires from the imprint in figure
4.2 (a), it is obvious that the defect emission especially of the green defect band is much stronger
for the as-grown ensemble sample. To investigate the origin, monochromatic CL imaging in an
as-grown ensemble was performed at liquid helium temperature, as shown in in figure 4.2 (c).
The SEM image is correlated with the spacial resolved emission intensity at 3.36 eV (correspond-
ing to the NBE emission maximum due to donor bound excitons) and at 2.38 eV (corresponding
to the defect emission maximum). A strong NBE emission is detected from the ZnO nanowires
as well as some nanostructures below, while the defect emission mainly originates only from the
sail-like nanostructures below the nanowires, while these remain dark in the monochromatic CL
image. This leads to the conclusion that the as-grown ZnO nanowires exhibit a strong NBE and
low defect emission, pointing out their very good optical quality. The strong defect emission ob-
served in the as-grown ensemble spectra originates from the nanostructures below the nanowires.
A comparison of CL and PL spectra of ZnO nanowire ensembles at similar excitation power
reveals the same emission features in similar intensities (not shown). The CL spectra show a
larger number of phonon replica of the FX and DX lines (up to 6), which can be explained by
the stronger electron-phonon interaction due to the excitation with hot electrons [291]. The hot
electrons not only create highly excited electron-hole pairs, but also a significant amount of their
energy dissipates by elastic collisions with electrons and nuclei, generating phonons and thereby
heating up the sample [292].
The experimental conditions for CL examination have to be chosen with care, especially for
nanowire ensembles, as e.g. a larger excitation voltage enables a longer penetration depth of the
electrons in matter and therefore influences the depth of the excitation. This results in a stronger
defect emission of as-grown ZnO nanowire ensemble samples at higher electron acceleration volt-
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Figure 4.3: (a) The µPL luminescence spectra of a single ZnO nanowire show mainly the defect emission
at low power, while the near band edge emission becomes more dominant at higher excitation power. (b)
The integrated PL intensities reveal a linear dependence with excitation power for the excitonic emission,
while the defect emission scales sublinear. (c) The spacial and spectral resolved image of a 26 µm long
ZnO nanowire (diameter ∼ 300 nm) shown the strongest emission from the position of the laser spot.
Due to wave guiding of the light inside the nanowire, the emission at the nanowire facet ends is red-shifted
and shows a modulation, which occurs due to the reflections of the sharp ends.

ages (U > 10 keV), as the electrons deposit their energy mainly in the defect rich structures
below the ZnO nanowires [293]. Reasonable results have been obtained at acceleration voltages
between 5 - 10 keV, at which the electron penetration depth is in the order of the nanowire
diameter (compare chapter A.2).

4.2.3 Single nanowire luminescence

The luminescence of single ZnO nanowires was investigated using µPL spectroscopy at low tem-
perature and moderate cw excitation by the HeCd laser. The single nanowire emission (not
shown) basically shows the same features as the imprint ensemble spectra (compare figure 4.2
(a) and (c)). Only slight deviations on the intensity of the DX lines and the defect emission
could be observed for different nanowires, which can be attributed to different excitation powers
depending on the power variation in the laser spot as well as the positioning of the laser spot on
the nanowire. This observation is in well agreement with literature claiming that the emission
properties of single as-grown ZnO nanowires are well reflected by the imprint ensemble spectra
[179]. A systematic study of the emission properties as a function of the nanowire diameter
demonstrates a stronger contribution of the surface bound exciton (SX) with decreasing diame-
ter (ISX ∼ 1/dNW ) [177]. Here, a model was developed that defines a surface sensitive layer of
11 nm thickness mainly influencing the SX emission properties. In additions, slightly stronger
contributions of free excitons were observed compared to the ensemble emission [321].
The normalized µPL emission spectra of a typical single ZnO nanowire at room temperature
are plotted in figure 4.3 (a) at different cw excitation intensities. At low emission powers, the
luminescence is dominated by the broad green emission band centered at 2.2 eV. The near band
edge emission centered at 3.27 eV, which originated from the radiative recombination of free
excitons and their phonon replica, has a significantly lower emission intensity by more that one
order of magnitude. By increasing the excitation power, the emission intensity of the excitonic
emission increases linear with power (I ∼ P) and dominates the spectrum above 10-20 W/cm2,
as plotted in figure 4.3 (b). Whereas, the intensity of the defect emission increases only sublinear
with power (approximately I ∼ P1/2) up to 10 W/cm2 and saturates above. At excitation powers
above 100 W/cm2, deviations from the linear behaviour of the excitonic emission occur, which
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are attributed to local heating effects of the cw laser.
The behaviour can be understood regarding the lifetime of excitons and radiative defects tran-
sitions: the lifetimes of free excitons is strongly influenced by the crystal quality. Typical free
exciton lifetimes in ZnO nanowires at moderate excitation densities are ∼ 350 ps at 4 K and up
to 480 ps at 60K [352], which are comparable to lifetimes of free excitons in high quality bulk
material (∼ 300 ps at 4 K [117] and 900 ps at 300 K [116, 353]). The green defect emission has a
lifetime in the range of micro- up to milliseconds [354, 355], which is several orders of magnitude
larger. At low excitation power, the carriers recombine mainly at defect states. Increasing the
generation rate of carriers by higher excitation power, the defect emission intensity increases
only sublinear due to the very limited number of defect centers in the good quality nanowire
lattice, which become saturated due to the longer lifetimes [46, 356]. The excitonic emission still
increases linear with power due to the significant shorter lifetime.
The spacial and spectral resolved luminescence of a single ZnO nanowire of 26 µm length (diam-
eter ∼ 300 nm) is shown in figure 4.3 (c). The strongest emission originates from the position of
the focused laser spot (diameter ∼ 5 µm) at the center of the nanowire. The respective spectrum
measured at the center (shown below in red in figure 4.3 (a)) reproduced well the excitonic emis-
sion at 40 W/cm2. Whereas, the emission from the nanowire ends (black spectrum) is red-shifted
by 10 nm (85 meV) compared to the emission at the position of the laser spot. The origin of
the red-shift is found in the characteristics of active light transport in semiconductor nanowire
waveguides: The strong exciton-phonon coupling in polar semiconductors (like CdS or ZnO)
leads to the formation of an Urbach tail, which extends the absorption profile into the energy
gap due to the broadening of the exciton resonance [168, 357]. The excitonic emission guided
along the nanowire can be re-absorbed by the band tails, and is re-emitted at lower energy (and
so on). This absorption-emission-absorption process may occur several times, each causing a
red-shift of the emitted photon. The process can be also understood as strong exciton-polariton
interaction [167]. When the energy of the emitted light is below the Urbach tail, the semicon-
ductor becomes transparent and the light propagates as electromagnetic wave along the passive
nanowire waveguide with low losses [20].
At a close look, modulations of the emission equidistantly spaced by 0.44 nm can be observed on
the low energy side above 388 nm, which are not present in the emission of the nanowire center.
The light in the nanowire waveguide is reflected at the flat nanowire facet ends due to the sharp
refractive index contrast, leading to feedback and thereby creating standing light wave in a res-
onator structure. The modulations of the luminescence intensity occur at positive interference
conditions. The spacing of the modulations matches the nanowire length assuming Fabry-Pérot
type cavity [358]. The nanowire diameter further rules out a whispering gallery mode resonator
type [53].

4.2.4 Lasing of ZnO nanowires

Luminescence investigations of single ZnO nanowires were performed at high excitation condi-
tions using the 355 nm nanosecond pulsed Nd:YAG laser. The laser spot was defocussed to ∼ 25
µm diameter for a uniform excitation of the complete nanowire. High resolution spectra of the
near band edge emission of a single ZnO nanowire (length 16 µm, diameter ∼ 250 nm) at room
temperature are presented in figure 4.4 (a). At moderate excitation power up to 200 kW/cm2,
a broad emission band around 378 nm (3.28 eV) is observed, which is attributed to the recom-
bination of the free excitons and their phonon replica [359]. The luminescence originates mainly
from the nanowire body at the position of the laser spot, as shown in the inset in figure 4.4
(a). The inhomogeneous emission intensity along the nanowire axis is attributed to the intensity
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Figure 4.4: (a) µPL high resolution spectra of a single ZnO nanowire at high excitation by the pulsed
laser. Sharp peaks appear superimposed to the broad spontaneous emission, which dominate the spectra
at high excitation power. The optical image shows the normalized emission intensity at the respective
excitation power. The inset is an SEM image of the nanowire. (b) The integrated PL intensity shown in
the linear plot can be fitted using a multimode laser model [360] with x0 = 0.25. In the double logarithmic
plot, the transition from spontaneous to amplified spontaneous emission and lasing clearly proofs lasing
of the ZnO nanowire.

distribution of the defocussed laser spot (compare figure A.7). The emission from the nanowire
ends corresponds to an asymmetric band centered at 388 nm (3.20 eV), which is red-shifted by ∼
10 nm to the excitonic emission (compare to previous chapter). Increasing the excitation power
to 200 - 250 kW/cm2, the emission from the nanowire ends becomes more intense and sharp,
equidistant spaced peaks appear superimposed to the waveguide emission. Further enhanced
excitation (above 300 kW/cm2) is followed by a strong emission intensity increase and the dom-
ination of the sharp peaks in the spectrum (FWHM ∼ 0.15 nm). The main emission originates
from the nanowire ends.
The integrated µPL intensity is plotted as a function of pump intensity in linear scale in figure
4.4 (b). The emitted intensity raises slowly with pump power up to 200 kW/cm2. The appear-
ance of the sharp modes is accompanied by a strong intensity increase. Above 300 kW/cm2, the
emission intensity increases again approximately linear with excitation power, but at a steeper
slope. Plotting the data in double logarithmic scale provides more information in figure 4.4 (c):
at moderate low excitation, the emission intensity increases approximately linear (I ∼ P), as
typically observed for spontaneous emission. A deviation from a true linear behaviour originates
from amplified spontaneous emission (ASE), which is enhanced by the nanowire waveguide and
becomes dominant between 200 - 300 kW/cm2. The appearance of the sharp modes is accom-
panied with a super-linear intensity increase (I ∼ P4), as the gain in the nanowire resonator
can overcome the losses at the facet ends. As the sharp modes dominate the spectrum (above
300 kW/cm2), the integrated intensity increases again linear with the pump intensity, which is
typically for lasing oscillations above the threshold. A further kink appears at 500 kW/cm2,
which probably originates from additional lasing modes at the lower energetic part of the mode
spectrum further enhancing the emission intensity. This becomes obvious by comparing the
emission spectra at 336 and 632 kW/cm2.
The experimental values in fugire 4.4 (b) of the integrated PL intensity can be fitted using an
analytical model developed for multi-mode laser oscillators [361]. The model calculates the total
emission intensity of the competing laser modes as a function of the gain/loss ratio, which is
connected to the pump rate. The course of the emission intensity is strongly determined by
the parameter x0, which describes the fraction of spontaneous emission in the lasing emission.
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Smaller x0 values correspond to a stronger kink in the emission intensity above the lasing thresh-
old, equivalent to a more pronounced s-shaped curve in the double logarithmic plot. Additional
information of the multimode model are given in chapter B.2. For the data given in figure 4.8 (b),
a good fit is obtained for x0 = 0.25. The lasing threshold is determined from the fit, where the
pumping intensity equals a gain/loss ratio of 1, which is ∼ 300 kW/cm2 for the examined ZnO
nanowire in figure 4.8. Similar thresholds are observed for other ZnO nanowires with comparable
diameter and length.
Zimmler et al. first observed the transition from ASE to lasing oscillations in ZnO nanowires
and characterized the emission properties in relation to the nanowire morphology [21, 51]. A
threshold of ∼ 270 kW/cm2 was observed, which is comparable to the threshold of all examined
ZnO nanowires in this thesis. In addition, spectral shape and fit parameter are similar to the
reported values.
Several gain mechanisms have been proposed to explain the observed light amplification above
the threshold in nanowires. Both bi-exciton recombination and inelastic exciton scattering can
achieve gain [308], but those mechanisms only occur at low temperatures. Exciton-electron scat-
tering is present above 100 K, this mechanism can be excluded at room temperature due to its
temperature dependence, as the X-e scattering emission is shifted to energies smaller than the
laser emission at room temperature [128]. Gain at room temperature by an inverted electron-hole
plasma (EHP) is possible at sufficient excitation intensities in an energy range, which matches
the observed nanolaser emission energy [152]. The presence of an EHP could be experimentally
verified at excitation intensities comparable to those used in the above measurements [362] and
is therefore supposed as the light amplification mechanism for lasing of ZnO nanowires at room
temperature [363].

4.3 CdS nanowires

4.3.1 Structural properties of CdS nanowires

CdS nanowires were synthesized by a CVD method using a horizontal tube furnace using a
process similar to the synthesis of ZnO nanowires. The investigation of the growth parameter
and their optimization for a reliable CdS nanowire synthesis is described in the appendix (chapter
B.1). High quality CdS nanowires with diameters between 50 - 700 nm were synthesized with
lengths up to 50 µm, resulting in a high aspect ratio. Many nanowires show a remaining catalyst
dot at the top after growth.
Figure 4.5 (a) shows a survey TEM image of a straight CdS nanowire with a smooth surface. The
homogeneous contrast of the nanowire body suggests a crystal without extended imperfections.
The catalyst dot on top the nanowire as well as the nanowire body were examined by catalyst
droplet was identified as pure Au without residuals of the source material, which confirms VLS as
the growth mechanism [257, 312]. The composition of the nanowire body is close to stoichiometric
CdS without traces of the Au catalyst or other elements. The crystal structure was investigated
using HR-TEM and SAED. Figure 4.5 (c) shows the SAED pattern of the nanowire body. The
appearance of many diffraction spots reveals the high quality of the crystalline lattice. The
spots were assigned by evaluation of the angles and the distances to the central spot and match
well the spacing of the (0002) and (02̄20) denoted planes looking from the zone axis [101̄0] in
wurtzite CdS with lattice parameters of a = 4.16 Å and c = 6.76 Å [364]. The comparison of
the SAED pattern with the TEM image (figure 4.5 (a)) suggests growth of the nanowire along
the c-axis ([0001] direction), as typically observed for VLS growth CdS nanowires [59, 365]. The
high resolution TEM image in 4.5 (d) show the high quality single crystalline lattice structure
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Figure 4.5: (a) The survey TEM image shows a straight CdS nanowire with a smooth surface without
extended imperfections.(b) EDX measurements in the TEM identify the catalyst dot as pure Au and
stoichiometric CdS at the nanowire body. (c) The SAED image reveals many sharp reflexes revealing a
high quality lattice. The reflexes could be attributed to the spacing of the 〈0002〉 and the 〈02̄20〉 planes
(zone axis [101̄0]), indicating nanowire growth along the c-axis of the wurtzite CdS lattice. (d) The HR-
TEM image can resolve the high quality crystal structure. No hints for extended defects were observed.

with a plane spacing of 0.67 nm along the c-axis in good agreement with the literature value.
A very flat surface is observed (roughness < 1 nm) and no hints for extended defects such as
stacking faults or dislocations were found, revealing the high quality crystal structure of the CdS
nanowires.
For the unambiguous identification of the growth direction, another CdS nanowire was aligned
by tip and tilt to a low index zone axis in TEM diffraction mode. The recorded SAED pattern
and the corresponding bright field image are shown in 4.6 (a). The positions of the diffraction
spots match well the denoted planes of the wurtzite CdS lattice with a [101̄0] zone axis and the
nanowire appears to be aligned with the c-axis. To ensure this and that the nanowire is not
tilted towards the direction of observation, it was rotated by 30° around its axis (see illustration)
and another SAED pattern was recorded, shown in figure 4.6 (b). The spot of the diffraction
pattern can be identified very well with the spacing of the denoted planes assuming a [11̄00] zone
axis and occur exactly as expected for rotation of the wurtzite CdS lattice by 30° around the
c-axis. This unambiguously confirms the growth of the CdS nanowires along the [0001] direction
(c-axis).

Figure 4.6: Unambiguous evaluation of the CdS nanowire growth direction: (a) The SAED pattern shows
diffraction spots, which match well the spacings of the denoted lattice planes. The TEM bright field image
shows the respective area of the CdS nanowire, which seems to be aligned with the c-axis. Afterwards, the
nanowire is rotated by 30° around this axis (illustration below) and another SAED pattern was recorded.
(b) The identified diffraction spots and zone axis occur exactly as expected for a rotation of a wurtzite
lattice by 30°; therefore clearly identifying the c-axis as growth direction.
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Figure 4.7: (a) Low temperature photoluminescence spectra of a CdS nanowire imprint ensemble. The
inset shows the high resolution spectra of the NBE, which dominates the emission. (b) Power dependent
µPL spectra of a single CdS nanowire at room temperature and moderate excitation power showing the
near band edge and defect related emission. (c) The near band edge emission increases linear in power
and therefore stronger than the defect emission.

4.3.2 Optical emission at low excitation power

Low temperature photoluminescence spectra of a CdS nanowire ensemble transferred via imprint
to a clean Si substrate is shown in figure 4.7 (a). The emission is dominated by the near band
edge emission (NBE) around 2.52 eV. Nearly no emission of defects is detected even at the
low excitation power of 50 mW/cm2, which points out the low defect concentration of the CdS
nanowires. The inset in figure 4.7 (a) shows a high resolution spectrum of the NBE, in which
several features could be assigned: The emission shoulders at the high energy side are attributed
to recombinations of free excitons (FXB = 2.568 eV and FXA = 2.550 eV) [115, 366, 367]. the
emission of donor bound excitons (labelled I2) appears at 2.543 eV as well as acceptor bound
excitons (labelled I1) at 2.531 eV [121, 368]. The most intense peak in the high resolution
spectrum appears 38 meV red-shifted to the emission of the free exciton FXA and is therefore
assigned to its phonon replica FXA - 1 LO at 2.508 eV [127]. The shoulders at 2.508 eV and
2.477 eV are attributed to the first and second phonon replica of the donor bound excitons I2
[369]. The low intensity of the bound excitons compared to the free exciton emissions is a hint
for the low doping levels of the CdS nanowires [370].
The luminescence emissions of a single CdS nanowire was investigated using µPL spectroscopy at
room temperature. For excitation, the laser beam of a 325 nm HeCd laser was focussed to a spot
of ∼ 10 µm diameter. The spectral resolved emissions are shown in figure 4.7 (b). Three emission
bands were observed at low excitation power of a few mW/cm2. The emission centered at 2.41
eV is attributed to the near band edge (NBE) recombination of free excitons and their phonon
replica [371, 372], which appears red-shifted by 11 meV due to the elevated temperature. The
two bands at lower energies are assigned to the radiative recombination of carriers at intrinsic
defects (deep level emission, DLE). The emission band at 2.1 eV is attributed to a transition
from donor levels involving Cadmium interstitials (Cdi) to the valence band [373–376]. The
emission centered at 1.7 eV is typically attributed to a transition involving sulfur vacancies (VS)
[377, 378]. The sharp peaks in the spectra, especially at low excitation power, originate from
stray light of the fluorescent lamp room lightning.
The defect emissions are the main contribution at low excitation conditions. The NBE intensity
raises linear with the excitation power (I ∼ P, slope ∼ 1 in the double logarithmic plot shown
in figure 4.7 (c)) and becomes more dominant above 300 mW/cm2 while the defect emissions
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Figure 4.8: (a) µPL spectra and optical image of a single CdS nanowire at high excitation. Sharp peaks
appear superimposed to the broad spontaneous emission, which dominate the spectra at high excitation
power. (b) The integrated PL intensity shown in linear plot can be fitted using a multimode laser model
[360] with an x0 = 0.03. In the double logarithmic plot, the transition from spontaneous to amplified
spontaneous emission and lasing clearly proofs lasing of the CdS nanowire (SEM picture in inset).

increase sublinear with a slope of ∼ 0.5 (I ∼ P1/2). This behaviour can be understood as the
lifetime of the carriers recombining at defects is several orders of magnitude larger (tens of
µs) [379] compared to the lifetime of the free excitons (≤ 0.1 ns) [160, 380]. Due to the low
defect concentration in the nanowires, the defect levels become saturated at elevated continuous
excitation leading to the sublinear power behaviour. The generated carriers can still recombine
via excitonic emission, therefore the NBE intensity scales linear with excitation power. This
observed behaviour points out further more the high crystal quality of the CdS nanowires.

4.3.3 Lasing of CdS nanowires

Luminescence investigations at high excitation conditions were performed using the 355 nm
nanosecond pulsed Nd:YAG laser with a defocussed spot of ∼ 25 µm diameter for the uniform
excitation of the nanowires. High resolution spectra of the near band edge emission and the
corresponding optical PL image of a single nanowire are presented in figure 4.8 (a). At mod-
erate excitation power (up to 7 kW/cm2), a nearly Gaussian shaped emission band around 505
nm (2.455 eV) is attributed to the recombination of the free excitons and their phonon replica
[371, 372]. The luminescence is mainly observed from the location of the laser spot. Additional
emission from the nanowire ends corresponds to an asymmetric emission band, which is red-
shifted by ∼ 10 nm. Its origin can be explained as in the case of ZnO nanowires by the nature of
active light transport in semiconductor nanowires. The absorption profile is extended by the Ur-
bach tail below the band gap [168, 357], thus allowing absorption-emission-absorption processes
of the excitonic emission, which explain the observed red-shift of the facet end emission. The
asymmetric shape of the facet end emission is caused by the overlap of the absorption profile
with the excitonic emission [166, 381]. Additionally, the intensity of the facet end emission is
modulated. The contrast in refractive index between CdS and the surrounding air leads to the a
partial reflection of the guided light at the flat facet ends, which creates a feedback and induces
constructive interference for wavelengths fitting to the cavity. The CdS nanowires therefore com-
bine waveguide and resonator properties [38, 166, 382].
Increasing the excitation power above 8 kW/cm2, the emission from the nanowire ends become
stronger and sharp peaks appear on the high energy side of the resonator induced modulations
superimposed to the red-shifted waveguide emission. Further enhanced excitation (above 11
kW/cm2) is followed by the domination of the sharp, equidistant spaced modes in the emission
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spectrum. The optical image shows main emissions from the nanowire ends. The integrated µPL
intensity is plotted as a function of pump intensity in linear scale in figure 4.8 (b): the emitted
intensity raises moderate with pump power, but a strong intensity increase appears above the
threshold of ∼ 10 kW/cm2 accompanied by the appearance of the sharp modes. Plotting the
data in double logarithmic scale provides more information: at moderate low excitation, the
emission intensity increases linear (I ∼ P), as typically observed for spontaneous emission. The
appearance of the sharp modes is accompanied with a superlinear intensity increase (I ∼ P4)
originating from amplified spontaneous emission (ASE) [383]. As the sharp modes dominate
the spectrum, the integrated intensity increases again linear with the pump intensity, which is
typically observed for lasing action above the threshold. The evaluated power dependency of the
optically pumped CdS nanowires therefore includes all characteristics of classical macroscopic
lasers [163].
The experimental values of the integrated PL intensity were fitted using the analytical model
developed for multi-mode laser oscillators [361]. Details of the model are described in chapter
B.2. For the data given in figure 4.8 (b), a good fit is obtained for x0 = 0.03. Comparing this
value the results of Oulton et al. [49] for lasing CdS nanowires at low temperatures, similar
values were found for CdS nanowires on silica substrates. The power dependence of nanowires
on plasmonic substrates could be fitted using larger x0 values in the range of 0.1 to 0.4 resulting
from a higher fraction of spontaneous emission in the lasing mode, which is typical for the strong
confinement in the hybrid system.
The threshold of the lasing CdS nanowires was derived from the fit of the experimental deter-
mined values as the excitation power at which the gain/loss ratio equals 1. For the 15 µm long
nanowire of ∼ 180 nm diameter, a threshold as low as 9.3 kW/cm2 was determined. Nanowires
with imperfection on the nanowire ends or deviations from a straight morphology (by e.g. ta-
pering) also showed sharp emission peaks and the transition from ASE to lasing oscillations, but
higher excitation densities are necessary, reflected by the determined thresholds in the range of
10 to 60 kW/cm2.
The gain for the light amplification of CdS nanowires at room temperature probably also orig-
inates from an inverted electron-hole plasma [58], as the pump intensity should be sufficient to
achieve carrier densities in the range of ∼ 1018 - 1019 cm−3, which are above the Mott density
[157]. A further hint is the stronger intensity increase of lower energy resonator modes at in-
creased pump intensities (compare spectra in figure 4.8 (a)), which can be well explained by shift
of the gain maximum to lower energies due to the renormalized band gap [158, 158].

Head-On measurements The epifluorescence setup (chapter 3.3.2) used for the CdS nanolaser
characterisation collects only the luminescence light scattered at 90° to the nanowire axis, which
prevents the exact determination of the nanowire output and a full characterisation of the exci-
tation conditions, as scattering effects from the substrates cannot be excluded. A µPL setup in
"Head-On" geometry was developed for this purpose, which avoids such drawbacks by the de-
coupling of the excitation and detection pathways (see figure 4.9 (a)). The direct light output of
a 17 µm long CdS nanowire of ∼ 700 nm diameter partially suspended in air (shown in figure 4.9
(b) as inset) was detected as a function of the pump power. The nanowire output was measured
by integration of the PL signal in the detection system (monochromator + CCD), which was
calibrated using the reflection of the focussed spot of a 532 nm laser of known power simulating
the nanowire emission and subsequent conversion of the spectral data. The wavelength difference
between nanowire and calibration laser is negligible as the detector response is nearly equal for
both wavelengths. To verify this method, direct measurements using a calibrated powermeter
directly attached behind the microscope objective were performed and show good agreement
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Figure 4.9: (a) Schematic drawing of the µPL measurements in Head-On geometry for the direct detection
of the nanowire emission. (b) µPL spectra of the direct nanowire emission contains the broad spontaneous
emission superimposed with the lasing modes. The inset shows an SEM image (top view) of the free
standing CdS nanowire. (c) Direct measurement of the nanowire output power as a function of pump
laser input power.

with the indirect measurement using the spectroscopic CCD.
Only broad spontaneous emission originates from the nanowire and the intensity increases lin-
ear with pump power up to an average power of 40 nW. Above this value, sharp peaks appear
superimposed to the broad spontaneous emission (figure 4.9 (b)). A "kink" is observed in the
power dependency (figure 4.9 (c)), which is typical for the lasing action above the threshold. The
ratio of nanowire output to excitation laser input power increased from ∼ 1 % for spontaneous
emission to a slope efficiency of 5-10 % for the lasing nanowire, regarding only the emission from
one nanowire facet end.

Polarization dependent excitation The geometry of nanowires is highly anisotropic and
makes them sensitive to the polarization of the excitation light, as observed for ZnO, CdS, CdSe
and InP nanowires [381, 384–388]. Experiments on dispersed ZnO nanowires could also show
an effect for the lasing of ZnO nanowires by rotating the wire in the polarized laser spot, but
the measurement uncertainties induced by the need for the repositioning of the nanowire after
rotation limited a conclusive interpretation [302].
The Head-On µPL setup offers a reliable possibility to examine the lasing properties of single

CdS nanowires as a function of the polarization direction of the excitation laser towards the
nanowire axis. The nanowire suspended in air eliminates disturbing effects by scattering of the
substrate and the measurement geometry enables illumination perpendicular to the nanowire
axis. The direct emission of the nanowire along the nanowire axis is measured instead of the
scattered emission in [302]. The electric field component of the polarized laser could be rotated
by a λ/2-wave plate placed directly in front of the 15x excitation microscope objective (see figure
3.3.2 (c)). A polarization ratio of the excitation laser was determined to be 100:1 by detection
of the laser power transmitted through a Glan-Thompson polarizer placed after the microscope
objective .The laser power as well as the position of the laser spot remained constant within the
experimental uncertainties at rotation of the wave plate without the additional polarizer, so no
disturbing effect is introduced by the microscope objective.
Figure 4.10 displays the emission of 12.5 µm long CdS nanowire (diameter ∼ 500 nm) at excita-
tion above the lasing threshold detected in Head-On geometry. The domination of sharp emission
modes superimposed to the broad spontaneous emission and the evaluated power dependency
prove lasing oscillations in the CdS nanowire. The nanolaser spectra were recorded at constant
excitation power as a function of the polarization angle α, which denotes the angle between the
electric field component ~E of the polarized laser light and the nanowire axis, as shown in the
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Figure 4.10: (a) The intensity of the lasing emission of a CdS nanowire determined in Head-On geometry
(shown in the inset) depends on the polarization of the electrical field component towards the nanowire
axis. (b) The integrated nanowire emission intensity is strongest for polarization parallel to the nanowire
axis. The angle dependence can be described by a sin2-fit. The emission modes (labelled A and B) reveal a
different sensitivity to the excitation polarization. (c) The spontaneous emission is nearly insensitive to a
change in excitation polarization. (d) The absorption profiles simulated by FDTD for a 500 nm nanowire
at plane wave excitation parallel and perpendicular to the nanowire axis exhibits significant differences.

inset of figure 4.10 (a). A maximum emission intensity was found at α = 0°, which accounts for
polarization parallel to the nanowire axis, as typically observed for nanowires [381, 384–386]. A
deviation from this excitation condition results in a decreased emission intensity and a minimum
was found for α = 90° (polarization of the electric field component perpendicular to the nanowire
axis). The integrated total nanowire emission is plotted as a function of the polarization angle α
in figure 4.10 (b). The data can be fitted using a sin2-function with a period of 180° revealing the
expected polarization behaviour. A polarization ratio ρ = (I|| − I⊥)/(I|| + I⊥) was determined
to ρ = 0.19 ± 0.06 for the overall nanowire emission in the lasing regime.
Taking a close look to the intensity of different emission modes in figure 4.10 (a), significant
differences in their emission intensity depending on the polarization angle appear as they expe-
rience a different sensitivity to the polarization angle. The integrated intensity of single modes
(labelled "A" and "B") was extracted by fitting the spectral data with Gaussian functions us-
ing the program "Fityk" [389]. The integrated intensity of each mode is displayed in the polar
plot in figure 4.10 (b). The polarization angle dependent behaviour is similar for all modes and
comparable to the behaviour of the total nanowire emission, but normalized intensities are lower
for α = 90° and reach values down to I⊥ ∼ 0.3 ·I|| for mode A compared to I⊥ ∼ 0.7 ·I|| for
mode B. thus, the polarization ratios vary from ρA = 0.21 ± 0.06 to ρB = 0.54 ± 0.04 and are
larger compared to the total nanowire emission, as this also includes the spontaneous emission
background, thus further limiting the polarization ratio for the total emission.
The experiment was repeated by adjusting the excitation power at several polarization angles
to reach comparable nanowire emission intensities. The lowest excitation power of ∼ 80 nW
was found at α = 0°, which had to be increased to more than 100 nW at α = 90°. It can be
concluded from this measurement that the lowest lasing threshold can be reached for excitation
polarization parallel to the nanowire axis. The nanowire emission intensity at polarized exci-
tation with fixed power just above the threshold in the ASE regime is displayed in figure 4.10
(c). As in the former experiments, a more intense nanowire emission was found for polarization
parallel to the nanowire axis compared to the situation with perpendicular polarization. But it
is remarkable that only the sharp resonator modes exhibit a clear angle dependency, while the
broad spontaneous emission remained at an almost constant emission intensity.
To understand the impact of the absorption properties of CdS nanowires on this sensitivity to
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the excitation polarization, a collaboration with Robert Buschlinger from the group of Prof.
Ulf Peschel at the University of Erlangen was initiated to perform finite-difference time-domain
(FDTD) simulations of the experimental realized conditions. The absorption of a free standing
CdS nanowire with a spherical diameter of 500 nm was calculated by Robert Buschlinger for
plane wave excitation at 355 nm polarized parallel and perpendicular to the nanowire axis. The
assumption of a spherical nanowire diameter is valid as high resolution SEM and TEM images
(figure 4.5) showed only little facetting of the nanowires. The absorption profiles are displayed
in figure 4.10 (d). For polarization of the electric field component of the incoming plane wave
along the nanowire axis, the absorption is strongly concentrated inside the nanowire, which is
attributed a "lens effect" of the spherical nanowire cross section focussing the incident light in
the material. The absorption for excitation polarization perpendicular to the nanowire axis is
more homogeneous distributed inside the nanowire and the calculated absorption per unit length
is slightly higher compared to the parallel case, reflecting the differences of the absorption coef-
ficients parallel and perpendicular to the c-axis of wurtzite CdS [390]. The simulated absorption
cannot explain the experimental observations for a 500 nm nanowire. The absorption was also
simulated for smaller nanowire diameters and a stronger absorption for excitation polarization
parallel to the nanowire axis was found for nanowires thinner than 180 nm, which is in agreement
with the results from literature evaluated by simulation using pointing vector analysis [387]. The
excitation polarization anisotropy of semiconductor nanowires is explained by the large dielec-
tric contrast between the nanowire and the surrounding media (air) [169, 384]. The nanowire
can be treated as an infinite dielectric cylinder, as the wavelength of the excitation light inside
the nanowire is significantly shorter compared to the nanowire length. For polarization of the
incident light parallel to the nanowire axis, the electric field inside the cylinder is not reduced.
But the electric field is attenuated for incident polarization perpendicular to the nanowire axis
according to Ei = 2ε0/(εm + ε0) ·Ee [391], with Ei being the electric field inside the cylinder, Ee
is the excitation field and εm(ε0) is the dielectric constant of the cylinder (surrounding media).
The different sensitivity of the single emission modes to the polarization direction of the incident
light probably results from the differences in the absorption profiles, as certain resonator modes
benefit stronger from the more concentrated absorption and are therefore better stimulated.

Geometry dependent properties Lasing nanowires show a diverse in mode spacing depend-
ing on their length, as shown in figure 4.11 (a). Long nanowires exhibit many resonant lasing
modes with small spacing and sharp peaks, while the mode spacing and FWHM is enlarged for
shorter wires. The mode spacing of several lasing nanowires was determined for each peak and
the mean value ∆λ was plotted as a function of the inverse nanowire length L in figure 4.11 (b).
The data follow the linear relation ∆λ = 1

L

[
λ2

2

(
n− λdndλ

)−1
]
, which extrapolates to 0 nm for

L → ∞ and is typical for Fabry-Pérot type cavities [163]. The formula includes the refractive
index of CdS n = 2.76 at 517 nm [110] and dn/dλ labels the dispersion, which was extracted
from the fit to dn/dλ = -7.4 ± 0.8 µm−1. This is in very good agreement with the literature
value of dn/dλlit. = -7.963 µm−1 for CdS at 517 nm [110]. Only a few data points show small
deviations from the linear relation: Those wires are not completely regular shaped (e.g. tapered
or connected to another wire) and a superposition of different resonator cavities was observed in
the spectra.
Lasing oscillations can be achieved when the round-trip gain inside optically pumped CdS nano-
wires overcomes the round-trip losses [163]: Γgth ≥ αW +αM , as mentioned in chapter 2.1.3. For
nanowire lasers, the mirror losses exceed the waveguide losses due to the short cavity length and
the limited reflection coefficients (αM >> αW ) in contrast to conventional semiconductor lasers
[392]. The nanowires ability for laser emission, determined by the threshold gain, is therefore
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Figure 4.11: (a) µPL emission spectra of CdS nanowires with different length showing different mode
spacing. (b) The mode spacing plotted as a function of the inverse length results in a linear relation. (c)
The length and diameter limits for lasing CdS nanowires.

a strong function of the nanowire diameter D and its length L. Several CdS nanowires were
investigated for their lasing ability at ∼ 50 kW/cm2 pump power and the results were plotted
as a function of length and diameter in figure 4.11 (c). No lasing oscillations were found even
for large nanowire diameters below a critical nanowire length of 7 µm. Above this value, the
resonator cavity length enables a sufficient gain compensating the mirror losses. Another limit
was found for nanowires of diameter smaller than 170 nm: although well defined resonator modes
appear on the strong ASE peak at those wires, the insufficient gain limits their lasing ability, as
they did not reach the threshold independent on the nanowire length. This can be understood
as the reflection coefficient R is directly related to the confinement of light inside the waveguide
[392]. FDTD simulations for ZnO nanowires in a similar geometry could show that for the lowest
order mode at 500 nm, the fraction of power confined in the nanowires drops from ∼ 80 % for D
= 200 nm to less than 2 % for D = 100 nm [20]. It can be assumed that CdS nanowires exhibit
similar waveguiding properties [166]. For nanowires with diameters below the critical limit, the
light confinement is strongly reduces and the modes propagate as evanescent wave around the
waveguide [51, 169]. This not only increases the waveguide losses, but also strongly reduces the
reflection coefficient at the end facet, thereby suppresses gain and therefore lasing. The mini-
mum diameter can be estimated by a rule of thumb as dmin ≈ λ0/n with λ0 being the vacuum
wavelength of the guided light. The calculated value of ∼ 174 nm for CdS is in good agreement
with the experimentally determined data in figure 4.11 (c). Lasing at smaller diameters can be
achieved [49], but the pumping threshold increases inversely to the decreasing diameter.
The performance of the nanowire resonator is characterized by the ratio of the stored to the

dissipated energy per oscillation cycle [358, 393]. This is typically characterized for optical res-
onators by the quality factor Q = λ0/∆λ, which was determined for each lasing mode using the
central wavelength λ0 divided by the spectral mode width (∆λ = FWHM). For evaluation, the
broad background was subtracted and each mode was fitted using a Gaussian function. In the
lasing regime, the Q factors were evaluated from the spectra at a gain/loss ratio of 2, which
allows a reasonable comparison between different nanowires. Typical Q factors of 1000 - 1600
are determined that can reach up to 2000. This is in the same order as Q factors evaluated
for CdS nanoribbon lasers with rectangular cross section [394]. A general trend was found that
the Q factor increases with the nanowire length, as shown in figure 4.12 (a). The explanation
is quite obvious, as longer active media in the resonator cavity can offer higher gain [21] and
therefore better compensates the waveguide and reflection losses at the facet ends. Further on,
the observed threshold decreases with increasing Q factor of the nanowire cavity. The population
inversion, which enables gain and is necessary for lasing, is reached at a lower pump power due
to the lower energy dissipation per oscillator cycle resulting from the better resonator quality.
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Figure 4.12: (a) Mean Q factors for lasing CdS nanowires on Si substrates at gain/loss = 2 increase
with the length of the nanowire. The estimated threshold is also correlated to the quality of the resonator.
(b) The visualizations of FDTD simulation show the intensity distribution of the electric field in a 500 nm
CdS nanowire . Very good multi mode waveguiding properties are observed for the nanowire surrounded
by air (n = 1), while a strong leakage of the electric field occurs for a nanowire on a Si substrate (n
∼ 4.2). (c) A CdS nanowire on a 1.5 µm SiO2 layer on Si shows enhanced waveguiding effects. The
Fabry-Pérot modes can be observed even in the spontaneous emission regime, resulting in higher Q factors
compared to CdS nanowires on Si.

No correlation could found between the Q factor and the nanowire diameter. Thus it is assumed,
that the lasing modes are nearly completely confined inside the nanowire at diameters between
175 and 600 nm, similar to ZnO nanowires [21]. The quality of the resonator is then mainly
determined by the shape of the facet ends (reflectivity) and the length of the nanowire.
The substrate was found to have a strong influence on the resonator and emission properties.
The experiments on CdS lasing and the determination of the Head-On and geometry dependent
properties have been performed on CdS nanowires dispersed on Si substrates with a natural oxide
layer of ∼ 4 nm. To gain more information on the waveguide and emission properties of CdS
nanowires in such a geometry, FDTD simulations of the experimental realised conditions were
performed by Robert Buschlinger (see chapter B.3). A CdS nanowire with a spherical diameter
of 500 nm was modelled in 3D to explore the effects induced by the substrate and gold dots at
the facet ends on the waveguiding. Figure 4.12 (b) visualizes the intensity of the electric field
distribution in free CdS nanowire surrounded by air. After Gaussian-shaped excitation, several
modes are guided with strong confinement inside the nanowire. Placing the CdS nanowire on
a Si substrate (with natural oxide layer) induces a shift of the guided modes in the waveguide,
as expected. Additional to this, a strong leakage of the electric field into the substrate was ob-
served, which is stronger for electric field components polarized perpendicular to the substrate
surface than parallel to it. The guided light field effectively couples from the CdS nanowire (nCdS
= 2.76) [110] to the Si substrate with a higher refractive index of nSi = 4.2 at the respective
wavelength of 515 nm [395], which induces the strong losses. The natural oxide layer was found
to be to thin to prevent the leakage as the evanescent field extends deeper into the substrate.
µPL investigations of the waveguide and resonator properties below the laser threshold were
repeated with CdS nanowires placed on Si substrates with a 1.5 µm thermal grown oxide layer.
Even at medium cw excitation, a much stronger contribution of waveguide effects could be ob-
served, which was obviously suppressed by the leakage into Si substrates in previous experiments.
Figure 4.12 (c) shows the emission spectrum of a single CdS nanowire at room temperature. The
red-shifted waveguide emission is much stronger compared to the free exciton emission (compare
figure 4.8) and a set of sharp Fabry-Pérot modes is observed at the low energy side. Q factors of
up to 1800 could be evaluated in the waveguide regime, which can be correlated to the reduced
substrate losses and therefore improved resonator quality. µPL investigations at higher excita-
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tion could observe lasing emission from larger fraction of CdS nanowires on SiO2 substrates than
from nanowires of comparable geometry and morphology on Si substrates. CdS nanowires with a
non-perfect resonator can reach a sufficient gain for lasing as the waveguide losses were strongly
reduced.

4.4 Comparison of CdS and ZnO nanolasers

CdS nanowire are able to reach sufficient gain and show laser oscillations at pumping above the
threshold, similar to ZnO nanowires examined by Zimmler et al. [21, 51]. Despite the different
emission wavelengths (385 - 390 nm for ZnO nanolaser and 515 - 520 nm for CdS nanolaser),
both systems were found to have Fabry-Pérot type resonators, which are responsible for the
observed mode spacing characteristics. The mode profile and emission intensity dependence are
comparable and mainly related to the same resonator type. The fitting of the emission intensity
with the theoretical multi mode laser model resulted in comparable fractions of spontaneous
emission on the laser emission (x0).
Some differences appear in the geometrical limits for lasing action. Although CdS should enable
a stronger light confinement due to the higher index of refraction compared to ZnO [99], the min-
imum diameter of 150 nm for lasing in ZnO nanowires is smaller due to their shorter emission
wavelength [21]. The minimum length of 7 µm for CdS is thereby comparable to ZnO nanowire
lasers. The geometrical limits are therefore similar and mainly governed by the waveguide prop-
erties and the Fabry-Pérot type resonator.
The striking point is to explain the low threshold for lasing of CdS nanowires (≈ 10 kW/cm2),
which are more than one order of magnitude lower compared to ZnO nanowires (≈ 100 kW/cm2).
One major difference could originate from the Au catalyst dot, which often remains at the top
end of CdS nanowires, while nearly no ZnO nanowires with attached Au dot were observed after
imprint. The Au dot at the facet end enhances the reflectivity of the guided modes. This as-
sumption is based on the observation, that the quality factor of a CdS nanowire in the waveguide
regime could be enhanced by more than 50% by placing a Ag colloid close to the nanowire end
[38]. The Ag colloid reflects the emission from the facet end and thereby reduces the mirror
losses, thereby increasing the quality of the resonator. A similar enhancement of the Q factors
could also be observed for ZnO nanowires with Al coated facet ends [396]. FDTD simulations
of a CdS nanowire with and without Au dot are currently performed by the group of Prof. Ulf
Peschel to gain further insights and quantify the enhancement.
An additional explanation for the lower lasing threshold could be the longer emission wavelength
of CdS: the population inversion in 4-level laser systems, necessary for gain and lasing, is related
to the Einstein coefficients for spontaneous and stimulated emission [163]. The ratio for stim-
ulated to spontaneous emission scales inversely proportional to the wavelength square for a 3D
system [397]. As a consequence, higher pumping thresholds are necessary to establish the inver-
sion for shorter wavelength. Nevertheless, it has to be taken into account that this dependency
is not that strong for a 1D system due to the reduced density of states of optical modes [305].
In ZnO nanowires, the gain is achieved by radiative recombinations of an electron-hole plasma
(EHP) [362], which can be also assumed for CdS nanowires, because the Mott density nM nec-
essary for the formation of the EHP is reached at lower carrier concentrations due to the larger
Bohr radius of the CdS excitons (aCdSB = 2.8 nm [98] and aZnOB = 1.8 nm [111]). This is reflected
by the experimental determined values of nCdSM = 2.5 - 2.8 · 1017 cm−3 at low temperatures
[157, 158], which is nearly one order of magnitude lower than for ZnO nZnOM = 2.4 · 1018 cm−3

[128]. The chemical potential µ is reduced at elevated temperatures, which increases the Mott
densities. But the value for CdS at room temperature can be estimated to 0.6 - 2 · 1018 cm−3
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[160, 383, 398] and is therefore still lower than the estimated Mott density of 3 - 5.7 · 1018 cm−3

for ZnO [154, 162]. This means, that the EHP can be established at lower pumping power in
CdS nanowires.
In addition, a higher material gain was found for CdS (up to 2.8 · 104 cm−1) compared to ZnO
(up to 5.6 - 6.4 · 103 cm−1) at equal excitation conditions [162]. If similar large confinement
factors Γ are assumed as for ZnO nanowires, modal gain values in the same order as for ZnO [56]
or even larger are possible at lower excitation power. This agrees well with the results from the
direct power measurements in the head-on geometry. The slope efficiency of ∼ 5 % regarding
the emission from only one CdS nanowire facet end is significantly higher compared to the value
reported for ZnO nanowires of ∼ 1 % [51].
Summarizing the observations, none of the mentioned effects can explain the lower lasing thresh-
old of CdS nanowires alone, but a combination is a very reasonable assumption. The attached
Au catalyst dot enhances the resonator quality, thus lowering the threshold. The establishment
of an EHP in combination with a similar gain enables lasing, even of slightly more irregular
shaped (e.g. tapered) CdS nanowires compared to ZnO nanowires, at lower pumping powers.

4.5 Summary

The morphology and properties of as-grown ZnO nanowires were characterized. The emission
properties of the as-grown sample was compared to a bare nanowire ensemble. Monochromatic
CL measurements could show that main defect emission originates from the structures below
the high quality nanowires. Single nanowire µPL measurements could show the saturation of
defect emission intensity at moderate excitation intensities of ∼ 20 W/cm2. Spacial and spectral
resolved measurement reveal that the waveguide characteristic is dominated by active light trans-
port in the nanowire for excitation above the band edge. A strong enhancement of the emission
intensity and sharp emission peaks due to lasing oscillations appear in the high excitation regime
above 300 kW/cm2.
The morphology of CdS nanowires was characterized and related to the synthesis parameters in
order to establish a comprehensive growth phase diagram. The structural and optical properties
of the high quality nanowires were further examined. The nanowire ensemble shows a strong ex-
citonic emission at low temperature, indicating a low defect concentration. The defect emission
of single nanowires at room temperature saturated at low excitation densities of ∼ 100 mW/cm2.
Only excitonic emission was observed at moderate excitation. Nanosecond pulsed excitation at
higher pumping power lead to sharp emission modes superimposed to the broad spontaneous
emission and a super-linear intensity increase is observed. Laser oscillations were proven in the
high excitation regime above 10 kW/cm2. The direct light emissions of a CdS nanowire were
characterized in "Head-On" geometry and the efficiency slope determined to 5-10 % in the lasing
regime. The quality of the optical resonator was estimated to Q ≈ 2000 and related to nanowire
length and threshold characteristics. The influence of polarized excitation was investigated in
the ASE and lasing regime. Polarization of the electric field component parallel to the nano-
wire axis is more efficient due to higher absorption and more effective stimulation of resonator
modes. A negative influence of the Si substrate was found for the CdS nanolaser emission and
were investigated by FDTD simulations. The emission properties could be improved using SiO2

substrates. The fundamential limits for CdS nanowire lasing were determined to a minimum
length of 7 µm and a minimum diameter of 170 nm. A comparison of ZnO and CdS nanolasers
was conducted and possible explanations for the lower threshold highlighted. Evidence for gain
due to an inverted electron-hole plasma in CdS nanowires above the lasing threshold is provided
from comparison of material properties with literature.
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This chapter reports on the structural and optical properties of cobalt (Co) implanted ZnO
nanowires. Structural investigations were performed in collaboration with the group of Dr.
Gema Martinez-Criado (European Synchrotron Radiation Facility, Beamline ID22NI). Parts of
these results are published in [399, 400]. The time resolved and photoluminescence excitation
measurements were performed in close collaboration with Uwe Kaiser from the group of Prof.
Dr. Wolfram Heimbrodt (Phillips-Universität Marburg).

5.1 Motivation

Undoped ZnO and CdS nanowires exhibit extraordinary optical properties like light amplification
and even lasing oscillations, as presented in the previous chapter. Nevertheless, these effects can
only be stimulated at high optical pumping levels in the order of 10 - 300 kW/cm2 [51, 305]. For
the integration of nanowires into electrically driven devices, new approaches have to be found
in order to enhance the emission properties of semiconductor nanowires and lower the threshold
for lasing. A promising approach is doping with transition metals (TM) or rare earth elements
(RE), which show spectral sharp intra-3d(4f) emissions when embedded in a suitable host ma-
terial [401–410]. Several macroscopic system are realized with this approach, like the wide used
Nd:YAG [411] and Ti:Saphhire lasers [412–414]. The realization of such an impurity LED or
laser on the nanoscale could be achieved by doping of ZnO nanowires with optical active 3d- and
4f-elements: The nanowire provides the resonator structure in form of efficient waveguiding [20]
and partial reflection of the guided light at the facet ends [392] (thus working as mirrors), while
the impurities act as light emitters and provide gain due to the population inversion, which can
theoretically be reached at low thresholds due to low transition probabilities and resulting long
lifetimes of the excited states [186, 189, 190].
Doping of nanowires with transition metals or rare earth elements during VLS synthesis turned
out to be difficult [62, 72, 75] due to the low solubility [415–417] and high melting points of the
dopants and their compounds [418]. The presence of oxygen in the synthesis conditions could
lead to the oxidation of the source materials and formation of secondary phases, hampering the
incorporation of the element [75]. Even if doping during growth was achieved, a inhomogeneous
dopant concentration was observed, as the dopands were mainly incorporated by VS growth on
the nanowire sides instead of VLS growth in the core [245, 246]. The VLS mechanism is further
on very sensitive to a change in the growth conditions, which are altered by the addition of
dopants [72, 75].
Alternative approaches for the synthesis of doped ZnO nanostructure are wet chemical meth-
ods, in which the dopants are directly incorporated during growth. Successful doping could be
achieved for several elements [78–82, 419] in ZnO nanocrystals and nanorods, but still the con-
trol of the morphology and the dopant concentrations remains challenging. For the wet-chemical
synthesized nanostructures, the crystal quality is often limited by the low reaction temperatures
compared to the VLS grown nanowires [23].
The doping of high quality VLS grown ZnO nanowires can be realized using ion implantation,
which is a widely used and well established technique for the doping of semiconductors. The
drawbacks of other doping methods can be avoided, as every element can be implanted with
the desired lateral and depth homogeneity and concentrations well above the solubility limit. A
disadvantage of this method is the generation of defects due to the interaction of the energetic
ions with the target, which can be mainly recovered using appropriate annealing techniques [251].
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ZnO nanowires are ideal suited for doping by ion implantation due to the high radiation hardness
of ZnO [310, 420], as the materials is not amorphizied even at high ion fluences [421, 422] and
shows a very good crystal recovery upon annealing. Optical activation was observed for several
dopants in implanted ZnO nanowires [61, 62, 249, 252].
A promising doping elements is the transition metals cobalt (Co), which shows sharp intra-3d
emission in ZnO [214, 239, 423]. Intra-3d emission has been observed for wet-chemical synthe-
sized doped nanostructures [419, 424–428] as well as TM implanted ZnO nanowires [61]. Besides
the promising optical properties, doping with TM offers interesting magnetic properties. Even
ferromagnetism was predicted for TM doped ZnO [429–431] and has been observed [432, 433],
although the origin of the magnetism is still not clear and a topic of discussion [434–439]. The
combination of the optical properties with the magnetic and electric properties would even en-
hance the functionality [70].

5.2 Structure and morphology of Co implanted ZnO nanowires

5.2.1 Scanning electron microscopy

As-grown ensembles as well as imprint transferred ZnO nanowires have been implanted with Co
using a combination of ion energies of 40 to 380 keV, resulting in a homogeneous implantation
profile up to a nanowire diameter of 170 nm at maximum ion range of 350 nm. The ion fluences
were adjusted from 7.8 · 1014 - 1.3 · 1017 ions/cm2, resulting in nominal concentrations of 0.05
- 8.0 at.% evaluated by SRIM and more realistic concentrations of 0.02 - 4 at.% evaluated by
iradina. After implantation, the samples have been annealed in air at temperatures of 500°C to
900°C for 30 to 240 min in order to recover the implantation related crystal damage and activate
the Co impurities.
The morphology of transition metal doped ZnO nanowire ensembles was analysed using SEM
after Co implantation and annealing at 700°C for 30 min in air. Figure 5.1 (a) displays the
morphology of the ZnO nanowires after implantation of 7.8 · 1014 ions/cm2 (corresponding to
a nominal concentration of 0.05 at.% Co), which appears unaltered compared to the as-grown
ensemble (see figure 4.1). After implantation of 1.6 · 1015 ions/cm2 (equals 0.1 at.% Co, figure
5.1 (b)), the thinner nanowire tips are bended upwards while the thicker parts are still straight,
which is also observed for ZnO nanowires implanted with Ar at similar fluences [274]. Implanta-
tion of higher Co ion fluences results into stronger bending also for thicker nanowires, as shown in
figure 5.1 (c) for a fluence of 1.6 ·1016 ions/cm2 (1.0 at.% Co). Most of the nanowires are bended
upward (towards the direction of the ion beam) and the nanowires appear thinner compared to
the lower Co fluences, although all investigated samples originate from the same mother sample.
Simulations of the Co ion implantation were performed using iradina to understand the bending
mechanism of Co implanted ZnO nanowires. Figure 5.1 (d) shows the simulated ion distribution
in the cross section of a 150 nm diameter ZnO nanowire at an ion incidence angle of ∼ 45° to the
nanowire axis, which is derived from the SEM images in figure 4.1 as the average angle of the
nanowires to the ion beam. The Co ions are homogeneously distributed across the nanowire. As
the nanowire bending was also observed after implantation of ZnO nanowires with Ar at similar
ion energies and fluences [256, 273], the additional incorporation of the implanted species can be
ruled out to be the origin of the bending.
For Ar implanted ZnO nanowires, the bending was found to be related to the defects created
during the implantation process [256, 273, 274]. Therefore, the vacancy and interstitial distri-
bution was simulated for Co implantation using iradina. Although a significant amount of the
defects already recombines during implantation at room temperature [420], the remaining defect
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Figure 5.2: (a) The nanowires exhibit an unaltered surface after implantation of 0.05 at.% Co, but kinks
appear in the nanowires at higher concentrations. (b) The ZnO nanowires implanted on the ensemble
sample and transferred to a new substrate afterwards show a rather smooth surface with some kinks along
the nanowire axis, while the surface of ZnO nanowires implanted on the imprint is strongly roughened.
(c) The nanowire height is stronger reduced due to sputter effects than its width.

ion fluences, kinks developed and resulted in a roughening of the nanowire surface. The effect
is well observed above a fluence of 5 · 1015 ions/cm2 and increases strongly for higher fluences.
Their appearance is related to the statistical nature of sputtering of surface atoms. Although the
mean sputter yield was calculated to 5-10 atoms/ion, some ions sputter more than 100 atoms
[325], which causes a surface inhomogeneity. The higher surface curvature at the inhomogeneity
enhances the sputter yield [441] and the removal of material. Redeposited atoms can diffuse
on the surface and re-establish on energetically favourable crystal planes, which has a flattening
effect. The interplay of both processes lead to the creation of regularly shapes kinks. Thinner
nanowires experience a stronger impact of the sputter effects, as their surface has a stronger
curvature at the smaller diameter, which enhances the sputter yields as well [325]. The length of
transferred nanowires was shorter compared to the nanowires on the implanted ensemble. The
ion implantation causes damage in the crystal structure, which reduces the elastic properties
[442–445] and makes the nanowires more brittle, causing them to break into smaller pieces upon
imprint transfer.
The effect of the preparation sequence was investigated by preparing a comparison sample by
imprint from an as-grown nanowire ensemble and subsequent implantation with 1.6 · 1016 cm−2

Co ions. After annealing, the morphology of those nanowires was compared to ensemble im-
planted nanowires transferred after annealing in figure 5.2 (b). The nanowires of the ensemble
implanted sample are still quite smooth and only some regular kinks are observed, whereas the
imprint implanted nanowires show a very different morphology. Those nanowires are not bended
even at high fluences as the strong Van-der-Waals forces attach the nanowires to the substrate
[446]. However, the nanowire surface is significantly stronger roughened and many kinks are
present as well. Their appearance is more irregular and a roughness of 30 nm was estimated for
the presented 150 nm nanowire. At a close look on figure, it seems like the implanted nanowires
are on an elevated island, while material from the area around the nanowires was removed by
sputtering. A stronger thinning of the nanowires was observed in the direction of the ion beam
as perpendicular to it, as shown in figure 5.2 (c) by comparing the top and side view SEM im-
age. The stronger damage on nanowires in contact with the substrate compared to free standing
nanowires was also observed for rare earth implanted ZnO nanowires [62]. The free standing
nanowires experience damage by directly hitting ions [447, 448], where the impact energy dis-
sipates slowly due to the nanoscopic volume of the nanowire and the missing thermal contact
to the surrounding, thus enhancing the in-situ recovery of the created defects. The nanowires
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Figure 5.3: (a) TEM survey micrograph of an implanted ZnO nanowire (1.0 at.% Co) showing a in-
homogeneous contrast on the nanowire body. The surface is roughened due to the interaction with the
ion beam. (b) The SAED pattern reveals single crystalinity of the Co implanted ZnO nanowire without
signs of amorphization or secondary phases. (c) The ion beam induced kinks on the surface show a nearly
periodic spacing. The surface could be assigned to the {112̄1} planes. (d) The HR-TEM micrograph reveal
a high crystalinity of the {0001} planes up to the a surface with low roughness typically below 1 nm. A
few remaining dislocations are observed in the IFFT of the c-plane reflexes.

in contact with the substrate experience a better dissipation of the ion impact energy, which
reduces the dynamic annealing. In addition, those nanowires receive transferred energy of ions
hitting laterally close to the nanowire, which enhances the sputtering.

5.2.2 Transmission electron microscopy

Figure 5.3 (a) presents a TEM survey micrograph of a representative ZnO nanowire with 210
nm diameter implanted with a nominal concentration of 1.0 at.% Co and subsequent annealing
at 750°C for 240 min. The nanowire body shows an inhomogeneous contrast, which was also
observed for RE implanted ZnO nanowires [61, 62, 325]. The origin is probably related to the
roughening of the surface or defects in the crystal structure. No evidence for precipitations,
segregation or voids has been observed, which is in agreement with previous studies [301, 440,
449]. The selected area electron diffraction pattern presented in figure 5.3 (b) shows that the
nanowire remain single crystalline even after implantation of 1.6 · 1016 ions/cm2. No signs of
amorphizations or secondary phases were found for all examined nanowires. The sharp diffraction
spots are a hint for a high crystal quality and could be assigned by evaluation of the angles and
distances to the central spot. A good match was found for the spacing of the spots at 0.38 Å−1

and 0.61 Å−1 to the central spot, which correspond to the (0002) and (112̄0) denoted planes
looking from the zone axis [11̄00] in undoped wurtzite ZnO with lattice parameters of a = 3.29
Å and c = 5.24 Å [99]. The nanowire axis is parallel to the [0002] direction (c-axis), which was
assigned to the growth direction of the ZnO nanowires [23, 268]. Kinks appear on the roughened
surface of the nanowire in figure 5.3 (a), which is displayed at higher magnification in figure 5.3
(c). A nearly periodic kink spacing of about 30 nm at a depth of 5 nm was observed and originates
from the implantation process, as the as-grown nanowires exhibit a very smooth surface without
irregularities (compare figure 4.1). The roughened surface is terminated with {112̄1} planes,
which seems to be energetically favourable. The high quality crystal structure reaches up to the
surface. A microscopic roughness of less than 1 nm is present in the HR-TEM micrograph in
figure 5.3 (d), which was also observed for Ar implanted ZnO nanowires [450]. The plane spacing
of 0.52 nm matches the assignment to undistorted (0002) planes, which is in agreement with
the SAED results. The area marked by the white frame was Fourier transformed and the inset
shows the inverse transform (IFFT) of the (0002) reflexes. Some remaining dislocations could
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Figure 5.4: (a) Normalized nanoXRF spectra of a single as-grown and a Co implanted ZnO nanowire.
(b) SEM image (1) and elemental XRF mappings for Zn (2) and Co (3) of a single Co implanted ZnO na-
nowire collected at 12 keV X-ray energy. The respective atomic fraction estimated by XRF quantification
is labelled in the colored scale bars. The points mark the positions for XANES and EXAFS investigations.
Results are published in [399].

be observed, which were created during the implantation and are not recovered by the annealing
[61, 251, 449]. No formation of secondary phases was observed, as this is expected for higher TM
concentrations above 4 at.% [301, 451, 452].

5.2.3 Stoichiometry

The stoichiometry of the Co implanted and annealed ZnO nanowires ensemble samples was
investigated using EDX in the SEM. The EDX spectra (not shown) exhibit the expected Zn Kα

X-ray emission line centered at 8.63 keV, Zn Kβ emission line at 9.62 keV, Zn L emission line at
1.02 keV as well as the O K emission line at 0.53 keV [453]. The quantitative analysis reveals a
stoichiometric composition for ZnO at low Co concentrations within the experimental errors. No
other elements but the C K emission line at 0.28 keV (carbon contamination on the surface) the
Si K emission line at 1.74 keV (low density of nanowires on the growth substrate) were detected.
Above the experimental limits of 1 at.%, the Co Kα emission line at 6.92 keV and the Co Kβ

emission line at 7.65 keV reveal the successful doping of the ZnO nanowires via ion implantation.
The Co L emission line was observed as a shoulder at 0.78 keV on the low energy side of the Zn
L emission line. The integrated Co Kα X-ray emission intensity was extracted from the spectra
and scaled approximately linear within the experimental errors with the Co concentration.
The stoichiometric investigation of the ensemble samples is not representative for the properties of
single implanted ZnO nanowires, as their properties are lost in the superposition of the nanowire
ensemble and the underlying ZnO background structures. Co implanted ZnO nanowires were
therefore imprint transferred to Si substrates and the stoichiometry and local structure of single
nanowires was examined using scanning XRF and XAS at the hard X-ray nanoprobe at the
ESRF beamline ID22NI. Nano-XRF measurements were performed at 17 keV X-ray energy and
a spot size of 50 x 50 nm2. Figure 5.4 (a) presents the XRF spectra averaged for the scan area
of a single as-grown ZnO nanowire (diameter 300 nm, length 15.5 µm) in comparison with a Co
implanted nanowire (diameter 180 nm, length 7.7 µm) (nom. 1.0 at.%) [399]. The spectra were
normalized to the intensity of the Zn Kα peak at 8.63 keV. The Zn Kα and Kβ fluorescence line
clearly originates from the ZnO nanowire. The XRF signals of the Ar Kα and Kβ fluorescence
are detected at 2.96 keV and 3.19 keV, which are generated from the Ar atmosphere surrounding
the sample. Escape peaks are produced by the Si drift detector at 1.74 keV below the Zn parent
lines. In the same energy range, an additional contribution was detected for the implanted ZnO
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nanowire, which could be clearly identified as the Co Kα fluorescence by deconvolution and
fitting of the XRF spectra using the PyMca code [281]. The quantification evaluates an average
Co content of 0.3 ± 0.1 at.% [400], which is slightly less than the calculated Co concentration
using iradina.
Gallium was found as additional trace impurity localized in the as-grown as well as in the
implanted nanowires. The Ga probably originates from the contaminations of the ZnO source
powder used for the nanowire synthesis [323], so that Ga might be incorporated during nanowire
growth due to the high solubility in ZnO [454, 455]. This is also reflected by the strong PL
intensity of the I8 donor bound exciton (see figure 4.2 (b)), which is attributed to Ga acting as
shallow donor [102]. XRF signals from residual Fe and Sn are also present in the spectra. Lateral
resolved measurements revealed an uniform occurrence all over the examined area, pointing out
that the signals originate from the substrate or contaminations on the sample and those elements
are not incorporated in the nanowire [399].
To examine the elemental uniformity, a 12 keV focussed X-ray nanobeam of 100x100 nm2 was
scanned across several nanowires with a step size of 25 nm. Elemental maps were recorded
at 500 ms/point integration time, which are displayed for Zn and Co together with a SEM
image of the examined nanowire in figure 5.4 (b). The colour scale represents the XRF intensity
at the respective point, which was rescaled by the quantification. The Zn map reproduces
well the general morphology of the ZnO nanowire observed by the SEM. The Co fluorescence
could also be laterally resolved and reflects a homogeneous Co presence in the ZnO nanowire,
without agglomerations or signatures of clusters. The uniform Co incorporation was found for
all examined nanowires at the length scale of the X-ray beam size and suggests a co-localization
of Zn and Co in the nanowires within the experimental limits, thus a homogeneous doping by
ion implantation was achieved.

5.2.4 X-ray absorption spectroscopy

The high lateral resolution of the X-ray nanoprobe was used to examine the local structure of
the Co implanted ZnO nanowires by XANES and EXAFS at several positions marked in figure
5.4 (b). The linear polarization of the synchrotron X-ray beam could be used to detect the
preferential orientation of defects induced by the ion implantation [456]: the XANES spectra
of wurtzite ZnO depend on the crystallographic orientation [457] to the polariztion of the X-
ray beam, as both are linked by the the scalar product of the photon polarization vector ~e
and the position vector of the electron ~r in the matrix element of the absorption cross section:
M = 〈 φ1s | ~e · ~r | φf 〉. If the electric field of the absorbed photons is perpendicular to the c-axis,
only transitions from the 1s to the pxy states are allowed, which probes symmetry of the pxy
conduction band states in the ab-plane of the wurtzite lattice. The XANES spectra recorded with
the c-axis of the nanowires oriented perpendicular to the electric field vector of the synchrotron
beam (E⊥c) are displayed in the top half of figure 5.5 (a). The spectral features of the Zn K edge
are very similar at the examined positions and reflect the wurtzite structure of the ZnO crystal
lattice [458]. The line shape and peak energies provide no evidence for structural disorder in the
radial direction of the ZnO nanowires and no signatures of metallic Zn precipitates formed the
ion implantation are observed. The spectra in the lower half of figure 5.5 (a) were recorded with
the nanowire c-axis oriented parallel to the electric field vector of the synchrotron beam ( ~E||c),
which probes the symmetry pz conduction band states in the c-plane. The peaks in the spectra
originate from the hexagonal lattice structure and no evidence of lattice damage are found along
the nanowire. The XANES spectra of the Zn K edge reveal the high structural order in the
crystal lattice along the radial as well as the axial direction of the Co implanted ZnO nanowires.
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Figure 5.5: (a) XANES spectra of the Zn K-edge recorded at selected points on the nanowire with the
perpendicular (top) and parallel orientation (bottom) of the electric field vector of the polarized X-ray
nanobeam to the nanowires c-axis. The spectra have been shifted vertically for visualization. (b) XANES
spectra around the Zn and Co K-edge taken at points 1 and 2. The energy was rescaled to the respective
absorption K edges. (c) Comparison of the average XANES spectra of the Co implanted nanowire with a
high quality wurtzite Zn0.9Co0.1O film [458], a mixed valence Co3O4 sample and a metallic Co foil. Data
published in [400].

Figure 5.5 (b) presents the superposition of the XANES spectra around the Zn K edge and the
Co K edge measured in E⊥c geometry at positions 1 and 2. The energy has been rescaled to the
respective K absorption edge calculated by the first derivative of the XANES data for the direct
comparison. Despite the higher noise due to the low Co content, the features of the Co K edge
XANES spectra reproduce well the oscillations of the Zn K edge spectra with minor differences
above 70 eV at both examined positions. This is a strong evidence for the incorporation of Co
ions on Zn sites in the wurtzite ZnO host lattice. The chemical configuration was examined by
comparison of the average XANES spectra of the Co implanted ZnO nanowire around the Co K
edge with the spectra of a high quality wurtzite Zn0.9Co0.1O epitaxial film [458], a mixed valence
Co3O4 sample and a metallic Co foil in figure 5.5 (c). The nanowire data show a good match
with the spectra of the ZnCoO film, which suggests the 2+ oxidation state for the Co ions in the
nanowire. No contributions of metallic Co or mixed valence Co3O4 were observed. The weak pre-
edge at 7710 eV is attributed to the hybridization of the Co 3d and 4p orbitals by the influence
of the tetrahedral crystal field in the non-centrosymmetric ZnO lattice structure [459, 460]. A
strong pre-edge would be typical for the presence of CoO particles as secondary phase [459],
but the observed nanowire data support the assumption that the Co ions are substitutionally
incorporated in the ZnO lattice.
The local structure was further examined by EXAFS around the Zn K edge at several position
on the nanowire. Figure 5.6 (a) displays the k3-weight EXAFS oscillations and their best fits
in the k-space interval of 0 - 8.1 Å−1 using a Hanning window. The data were analysed by
ab initio modelling of the absorption cross section using the FEFF code [461]. The theoretical
backscattering amplitudes and phase shifts for all single and multiple scattering paths have been
calculated using hexagonal ZnO model clusters with a = 3.289 Å and c = 5.315 Å [462]. The
ARTEMIS routine [289] was used to fit the Fourier transformed data in R space within the
interval 0 - 3.7 Å, which includes the first and second coordination shells. A fit of the third
coordination shell was omitted due to the high signal noise above 8 Å−1, which is related to the
low counting rate from the investigated nanoscopic volume of the nanowire. A fixed coordination
of 4 O nearest neighbour atoms and 12 second nearest neighbour atoms was chosen at the basis of
X-ray diffraction data from Co implanted ZnO single crystals [463]. The interatomic distances Ri
and the Debye-Waller factors σ2

i of the first and second coordinate shell were fitted using a fixed
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Figure 5.6: (a) k3-weight EXAFS oscillations taken a
different points on the nanowire accompanied by their best
fits in the interval k = 0 - 8.1 Å−1. (b) Magnitude of the
Fourier transforms of the EXAFS function with their best
fits for the first (Zn-O) and second (Zn-Zn) neighbour
shell. The spectra have been shifted for clarity.

Point 1 2 3

RZn−O 1.97±0.02 1.98±0.02 1.98±0.02

σ2
Zn−O 2.3±1.6 3.7±1.6 9.3±2.0

RZn−Zn 3.25±0.02 3.25±0.01 3.25±0.01

σ2
Zn−Zn 5.0±1.4 4.5±1.3 7.4±1.5

R 0.016 0.011 0.011

Table 5.1: Interatomic distances Ri (in Å),
Debye-Waller factors σ2

i (in 10−3Å2) and R
factors obtained from the fit of the Fourier
transformed EXAFS data using a fixed ampli-
tude of s0 = 0.7307. EXAFS data and fits are
published in [400].

amplitude of s20 = 0.7307 determined from a metallic Zn foil. The structural parameter derived
from the fits are listed in table 5.1. Figure 5.6 (b) shows the magnitude of the Fourier transforms
of the EXAFS functions at the respective positions accompanied by the fits. The spectra are
dominated by the peaks related to the first O- and second Zn-neighbour shell in agreement
with the wurtzite structure model. All examined points show similar contributions and a slight
decrease of the first shell amplitude at the different positions. No change in the first and second
neighbour distances was detected within the experimental accuracy and the values match well
the Zn-O and Zn-Zn spacings of pure ZnO [464]. No evidence of amorphization was observed
and the undistorted cation-anion first neighbour distance reflects the low Co doping content, as
estimated by the XRF measurements. The reduced amplitude of the nearest O-neighbour shell
at the positions 2 and 3 was attributed to a higher static disorder. This is also reflected by the
increased Debye-Waller factors especially at position 3, indicating a weakening of the bonding e.g.
by the presence of oxygen vacancies. No local atomic distortion was found around the Zn sites,
although the Debye-Waller factors increased as well for the respective positions. The analysis
of the EXAFS results indicate no significant contribution of ion implantation related defects
like secondary phases, vacancy accumulations or significant contributions of interstitials and
confirms the good recovery of the ZnO lattice by the thermal annealing after ion implantation,
in agreement with the TEM results.

5.3 Optical properties

Directly after ion implantation, only a weak luminescence is detected from the ZnO nanowires,
although a large fraction of the created defects already recombines at room temperature [420].
However, the remaining defects limit the optical emission. Thermal treatment at 500°C and
above strongly enhances the ZnO emission intensity and provides a sufficient recovery of the
crystal lattice, as the displaced atoms can rearrange due to the increased mobilities at elevated
temperatures.
Implantation of noble gas atoms leads only to the creation of damage, but no incorporation
of the ions, as they are expected to diffuse out of the crystal at the latest during annealing.
The remaining crystal damage results in a reduction of the NBE emission intensity and strong
enhancement of the green and red defect band, which can be attributed to the presence of
interstitial zinc and oxygen vacancies. The ratio between the two defect bands show nearly no
dependence on the noble gas concentration [301]. Implantation of other elements than noble
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Figure 5.7: (a) The Co2+ levels of the free ion split under the influence of the ZnO crystal field [239,
423]. (b) CL survey spectrum of an implanted and annealed ZnO nanowire ensemble (nom. 1.0 at.%
Co) showing the ZnO related near band edge (NBE) and defect emissions. The Co2+ luminescence is
superimposed to the red defect band. (c) Several Co2+ intra-3d7 emissions are detected in the VIS to NIR
and could be assigned according to the emission term scheme presented in (d).

gases usually leads to their incorporation, which is accompanied by further effects. The dopants
are mainly incorporated substitutional on zinc lattice sites [346, 347, 465–467], leading to an
increased fraction of interstitial zinc and thereby enhancement of the green band intensity.

5.3.1 Co2+ luminescence in ZnO nanowires

Co in ZnO is typically incorporated in the divalent oxidation state on substitutial Zn lattice sites
[400, 459], in which the Co2+ ion has a 3d7-configuration. The Co2+ free ion levels consist of the
4F ground state followed by the 4P as well as the 2G excited state, as sketched in figure 5.7 (a).
For ions embedded in ZnO, the states are mainly degenerated by the influence of the tetrahedral
coordinated crystal field (Td symmetry) [214, 239, 240, 423]. The free ion ground term splits into
the 4T 1(F) at 0.78 - 1.13 eV and the 4T 2(F) terms at 0.45 - 0.55 eV above the 4A2(F) ground
term, as determined by absorption measurements [239, 423]. Additional degenerations arise form
the trigonal crystal field due to the non-centrosymmetric C3v symmetry of the wurtzite lattice
[468], which can treated as a perturbation of the Td symmetry, as well as spin-orbit interaction.
Jahn-Teller interactions play a minor role as the Co2+ ions are stabilized by the axial crystal
field components [423]. The 4A2(F) ground term is two-fold degenerated and forms two Kramers
doublets with a spacing of 0.7 meV in between [423].
The 4P is not split by the tetragonal crystal field, but transforms into 4T 1(P), which degenerates
under the influence of the trigonal crystal field components and spin orbit interaction into at
least six sublevels at 2.01 - 2.12 eV above the ground term [239, 423]. The 2G term is located
above for the free ion, but splits into the four levels under the influence of the tetragonal crystal
field, of which the 2E(G) at 1.88 eV and the 2T 1(G) at 1.93 - 1.98 eV are below the 4T 1(P) level,
while the 2A1(G) at 2.187 eV and the 2T 2(G) at 2.24 - 2.36 eV are located above. The 2T 2(G)
and 2T 1(G) are three-fold degenerated by the trigonal crystal field components and spin-orbit
interaction while the 2A1(G) level is not further split [239]. The 2E(G) term splits into two
Kramers doublets separated by 4.7 meV [423].
The CL emission spectra of implanted ZnO nanowires with a nominal Co concentration of 1.0
at.% is presented in figure 5.7 (b). The emission consists of the intense excitonic recombination
and the respective phonon replica (NBE) between 3.37 and 2.9 eV as well as the unstructured
green defect band around 2.5 eV and the red defect band centered at 1.9 eV. An additional band
is superimposed to the red defect band at 1.74 - 1.88 eV, which is assigned to the 2E(G)→4A2(F)
transition accompanied by a phonon side band on the low energy side [239, 240, 423]. The CL
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Figure 5.8: PLE spectra of ZnO:Co nanowires reveal excitation of the incorporated Co2+ ions by energy
transfer from the ZnO host matrix. (b) Several excited levels could be detected and assigned according
to the absorption term scheme. [239, 240] (c) Absolute emission intensity of a ZnO nanowire ensemble
(1.0 at.% Co) using different cw and pulsed lasers for excitation above and below and below the ZnO band
edge.

spectrum in figure 5.7 (c) shows several emissions in the NIR range. The emission at 1.43 eV
is assigned to the 4T 2(F)→4A2(F) transition accompanied by a phonon side band. The peaks
at 0.82 - 1.13 eV are attributed to the 2E(G)→4T 1(F) transition. The observed Co2+ related
transitions are sketched in the emission scheme shown in figure 5.7 (c), which includes additional
information like the sublevel spacing and assignments derived from absorption measurements
[214, 423].
The excitation of the Co2+ ions in a ZnO nanowire ensemble (nom. 2.0 at.%) was examined
using PLE spectroscopy at low temperatures. The emission intensity of the 2E(G)→4A2(F)
transition at 1.88 eV was detected as a function of the excitation wavelength using a halogen
lamp in the VIS and a Xe high pressure lamp in the UV range. The spectra in figure 5.8
(a) are corrected for the system response, but not for the absolute intensity of the respective
excitation source. Several pathways are present for the excitation of Co2+ ions: The strong PLE
signal intensity above 3.0 eV reveals an efficient energy transfer from the ZnO host lattice to the
Co ions. The modulations of the PLE signal are assigned to direct excitation of higher Co2+

levels, which decay non-radiative to the 2E(G) level. Figure 5.8 (b) shows a diagram with the
energetic positions of the Co2+ levels and possible direct excitations from the 4A2(F) ground
state to the higher levels [239, 240], which have been marked in the spectra in figure 5.8 (a).
The strong intensity increase below 2.0 eV is attributed to a very efficient excitation via the
2T 1(G) level and non-radiative relaxation as well as resonant absorption of the 2E(G) state. The
excitation efficiency at different wavelengths is reflected in the PL spectra plotted in absolute
intensity in figure 5.8 (c), which were recorded using excitation by several cw and pulsed lasers
with energies above and below the ZnO band gap. The excitation intensity was adjusted to an
equal mean power of 25 mW/cm2 for all lasers. Similar PL spectra are obtained for cw and
pulsed excitation above the ZnO band gap, which show the same spectral features compared to
the CL spectrum presented in figure 5.7 (a). The slight deviations are attributed to the higher
peak power within the nanosecond excitation pulses of the Nd:YAG laser. The intensity of the
phonon side band is slightly higher for pulsed excitation, whereas, the overall Co2+ emission
intensity is nearly comparable. In contrast, pulsed excitation with 532 nm photons is not very
efficient, as the Co2+ emission intensity is more than one order of magnitude lower compared
to excitation above the ZnO band gap. However, continuous excitation at 633 nm is promising
as this offers a strong Co2+ emission by the resonant excitation of the 2T 1(G) level and nearly
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complete suppression of the ZnO defect emission.
CL emission spectra of the main Co emission were recorded in high resolution and analysed in
detail in figure 5.9 (b). The two sharp emission lines at 1.884 eV and 1.879 eV can be assigned
to the transition from the 2E(G) E1/2 and E3/2 level to the 4A2(F) ground levels. The ground
term splitting cannot be resolved with the CL setup, but was observed using high resolution
PL spectroscopy (not shown). The intra-3d emission is accompanied by a phonon side band at
the low energy side [214, 239, 240, 423]. Several ZnO phonon modes could be identified in the
spectra in figure 5.9 (b) [125, 240, 469, 470]: (1) the Elow2 [Γ] mode at 12.5 meV (101 cm−1) to
the respective zero phonon line (ZPL), (2) the E2(TO)[Γ] mode at 22.3 meV (180 cm−1), (3)
the Ehigh2 [Γ] mode at 53.4 meV (437 cm−1), (4) the LO[Γ] at 62.1 meV (501 cm−1) and (5) the
TA+TO[H,M] at 76.5 meV (617 cm−1). The shoulders at 1.853 eV and 1.848 eV (marked with
e∗) do not fit any ZnO phonon mode. The emission probably results from electronic transitions
from excited levels, which were distorted by electron-lattice interaction, resulting in a broad
multiphonon band [239, 471]. The appearance of the phonon side band is attributed to disorder
in the ZnO lattice due to the incorporated Co ion, which introduced a deviation of the bonding
strength so that local ZnO phonon modes, which are forbidden for the pure ZnO crystal, become
allowed [239, 240].

5.3.2 Optimization of the preparation conditions

Figure 5.9 presents normalized CL survey spectra of ZnO nanowires ensembles with nominal Co
concentrations ranging from 0.05 - 8.0 at.% after annealing at 700°C for 30 min in air. A weak Co
emission is observed for the lowest concentration, but increases with concentration and reaches
a maximum at the highest concentration of 8.0 at.%. The defect emission intensity increases
compared to near band edge emission due to the increase of the remaining implantation defects.
High resolution spectra of the 2E(G)→4A2(F) transition after subtraction of the ZnO defect
background are presented in figure 5.9 (b). The emission is dominated by the intra-3d transition
accompanied by a phonon side band of low intensity for low Co concentrations. Increasing the Co
content, the intensity ratio between the transition from the E1/2 and the E3/2 level of the 2E(G)
term to the ground state stays almost constant, meaning that the population is independent on
the Co content. The intensity of the phonon side band increases with Co concentration, which
indicates higher structural disorder at the increased Co content [301]. The emission intensities of
the near band edge (NBE) emission, defect (DLE) as well as Co2+ emission were extracted from
the CL survey spectra by integration of the respective energy range and normalization for the
integration bandpass. As the Co emission is superimposed to the ZnO defect band, a linear back-
ground was fitted and subtracted in the respective energy range. The evaluated intensities were
normalized to the lowest Co concentration and are plotted as a function of the Co concentration
in figure 5.9 (c). The intensity of the defect emission remains nearly constant up to 1.0 at.% and
increases slightly above. The NBE emission intensity decreases slightly for low concentrations
and shows a stronger decrease above 1.0 at.% Co. The behaviour of the ZnO emission can be
understood regarding the damage creation processed upon ion irradiation: Up to a Co fluence
of ∼ 2 · 1015 ions/cm2 (0.1 at.%), the implanted Co fluences matches the damage stages I and II
[310], in which the ion created damage can be nearly completely recovered by annealing. Higher
fluences up to ∼ 2 · 1016 ions/cm2 (1.0 at.%) correspond to the damage creation stage III [420],
in which the fraction of the remaining damage increases with the fluence, which is reflected by
with the slight aggravation of the nanowire optical emission properties. Higher fluences corre-
spond to the damage stage IV [420], in which complex defects are created and not recovered by
annealing at moderate temperatures. Thus, the crystal quality decreases stronger at high Co
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Figure 5.9: (a) Normalized CL survey spectra of implanted and annealed ZnO nanowires with nominal Co
concentrations of 0.05 - 8.0 at.%. (b) The direct Co2+ 2E(G)→4A2(F) transition in the high resolution CL
spectra is accompanied by a phonon sideband, which increases in intensity with Co concentration. Several
local ZnO phonon modes (1-5) could be assigned according to literature [61]. (c) Integrated intensity of
the near band edge (NBE), defect (DLE) and Co emission normalized on the lowest Co concentration.

fluences, which is reflected by the lower nanowire NBE emission. This observation is in good
agreement with TEM investigations of TM implanted ZnO nanowires: a nearly perfect recovery
with only a few remaining extended defects was observed after annealing for a Co concentration
of 1 at.% (compare previous section), while a significant amount of disorder remained at higher
Co concentrations in the range of 4 at.% [301].
The Co2+ emission intensity increases with increasing implanted fluence and no hints for a
saturation behaviour ("concentration quenching") were observed up to 8.0 at.%, which is in
agreement with the emission behaviour observed for wet chemically grown ZnO:Co nanowires
[419] and ZnO:Co nanoparticles [425, 426] with similar Co contents. The emission intensity scales
sub-linear with the Co content, which means that not all incorporated Co2+ ions are optically
activated or are de-excited non-radiatively to killer centers, whose concentration increases also
with the implanted ion fluence. The optimum doping fluence is in the range of 1 at.%, as a
reasonable Co2+ emission intensity is achieved, while the implantation related defects in the
nanowires can be mainly recovered by annealing.
The annealing parameters were optimized for a Co implanted ZnO nanowire sample (1.0 at.%),
which was split into several parts and annealed in air at different temperatures from 500 - 900°C
for 30 min each. CL and PL spectroscopy at low temperatures was used to investigate the
morphological and optical properties. The integrated emission intensities of the excitonic re-
combination (NBE), defect emission (DLE) and Co intra-3d luminescence (Co2+) are displayed
in figure 5.10 (a). Annealing at 500°C was sufficient for a recovery of the ZnO defect band
with minor contribution of the NBE. After annealing at 700°C, the excitonic emission intensity
increased accompanied by the decrease of the defect emission, which can be attributed to a re-
covery of the implantation related damage. Higher annealing temperatures of 900°C could not
improve the optical properties of the ZnO nanowire. Although the red defect band, attributed
to interstitial oxygen [348–350, 472] decreased strongly after annealing at this temperature, the
excitonic emission intensity degraded, too. The intensity of the green defect band significantly
enhances after annealing at temperatures above 800°C. No change of the nanowire morphology
was observed up to this temperature, but severe changes occurred for annealing temperatures
approaching the growth conditions of T ≥ 950°C [271].
An activation of the implanted Co ions at 500°C in form of a broad and unstructured band at
1.88 eV of low intensity was observed. The Co emission increases by a factor of 2 and the sharp
emission peaks of the 2E(G)→4A2(F) transition accompanied by the phonon side band appear
in the spectra after annealing at 700°C (compare figure 5.9 (b)). No further enhancement of the
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Figure 5.10: (a) Impact of different annealing conditions on the emission intensity of Co implanted
ZnO nanowires. (b) Comparison of CL survey spectra of 700°C to room temperature implanted ZnO:Co
nanowires (1.0 at.%). (c) PL high resolution spectra of the Co2+2E(G)→4A2(F) transition under near-
resonant excitation show comparable emission intensities for room temperature and 700°C implanted
ZnO:Co nanowires. The inset displays the increase of the Co2+ emission intensity after implantation at
elevated temperatures and annealing.(d) SEM images reveal a significantly reduced bending for nanowires
implanted at 700°C.

Co emission intensity could be achieved at higher temperatures. The sharpening of the intra-3d
transition accompanied with the decrease of the phonon side band indicates a higher structural
order in the surrounding of the Co ions [249]. The slight decrease of the intra-3d emission inten-
sity is probably related to the formation of CoO or segregation of implanted ions to the surface,
as TM ions become mobile at temperatures above 750°C [473].
A Co implanted nanowire ensemble sample (1.0 at.%) was annealed in air at 750°C for different
times. An enhancement of the NBE and Co emission intensity was observed up to 120 min
annealing time, while the defect emission intensity decreased, especially for the UV band. The
sharpening of the Co emission and reduction of the phonon side band intensity indicates that
120 min at the moderate temperature are also sufficient for an effective recovery of the disorder
in the lattice. No improvement was found for longer annealing times.
Although ZnO nanostructures have an intrinsic high radiation hardness [310, 421, 422], ion im-
plantation at elevated temperatures could additionally reduce the implantation induced damage
due to an enhanced dynamical annealing [68]. To investigate this effect, one ZnO nanowire
ensemble sample was split into several parts and implanted at 300°C, 500°C and 700°C with a
Co fluence matching nominally 1.0 at.%. The PL emission directly after implantation as well as
after annealing at 700°C is compared in figure 5.10 (a) to a equally prepared sample implanted at
room temperature. Directly after implantation, the room temperature implanted sample shows
no PL emission in contrast to the hot implanted ZnO nanowires. The NBE is dominated by the
strong DX emission intensity accompanied by the strong phonon replica, which can be attributed
to the remaining disorder in the crystal lattice after the implantation at high temperatures. A
broad and unstructured Co2+ related emission band of low intensity is observed at 1.88 eV di-
rectly after implantation. This directly proves the decreased implantation damage of the ZnO
nanowires at elevated implantation temperatures compared to room temperature implantation.
Subsequent annealing of the sample at 700°C for 30 min in air (equivalent to the RT implanted
sample) further improved the Co2+ emission intensity by more than one order of magnitude. The
excitonic emission sharpens after the annealing treatment and the intensity of the phonon replica
were significantly reduced, indicating a drastic lowering of the interstitial zinc fraction. The green
defect band emission was red-shifted by 40 meV. Interestingly, none of the hot implanted sam-
ples showed the characteristic modulation of the green defect band, which this was present for
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the unimplanted reference area and the room temperature implanted and subsequent annealed
sample. The comparison of CL survey spectra in figure 5.10 (b) shows the strong enhancement
of the Co2+ emission intensity for the hot implanted sample. This is reflected by the integrated
Co emission intensity, which are compared for the RT and hot implanted samples in the inset
of figure 5.10 (c), both after the subsequent annealing step. A positive influence on the intra-3d
emission intensity was already found even for implantation at only 300°C and was further en-
hanced for higher implantation temperatures. Figure 5.10 (c) presents a direct comparison of the
Co2+ emission spectra of the 700°C with the room temperature implanted nanowire ensemble
taken with 633 nm excitation. The high resolution spectra show the 2E(G)→4A2(F) transition
at 1.88 eV as well as the 4T 2(F)→4A2(F) transition at 1.43 eV, both accompanied by phonon
side bands. Additional intra-3d transitions were observed from the resonantly excited 2T 1(G) to
the 4T 2(F) at 1.46 - 1.53 eV for the hot implanted sample. Although a significantly decreased
Co emission intensity was observed for the room temperature implanted sample at excitation
with electrons or photons with energies above the ZnO band edge, resonant excitation by the
HeNe laser yields into comparable emission intensities. The comparison proves the different en-
ergy transfer efficiencies from the ZnO host to the Co ions depending on the preparation. The
room temperature implanted sample probably exhibits more defects, which trap carriers after
excitation, thus limiting the efficient excitation of the 3d-impurities.
Another positive aspect was found for the morphology of the implanted ZnO nanowires: the ion
beam induced nanowire bending, which was strongly present for room temperature implanted
nanowires (compare figure 5.1 (c)), was significantly reduced for implantation at 500°C and a
nearly straight morphology was sustained for implantation at 700°C (figure 5.10 (d)). This was
also observed for ZnO nanowires implanted at 700°C with a comparable Ar fluence in reference
[273, 274]. The elevated temperatures during implantation enhance the mobilities of the ion
generated vacancies and interstitials [474, 475], which allow a better compensation of local inho-
mogeneities of the vacancy and interstitial distribution, thus a bending momentum is effectively
reduced and the nanowire remains at its straight morphology.

5.3.3 Dependence on pumping power and temperature

The influence on pumping power was studied using CL and macro PL spectroscopy for an op-
timized implanted and annealed ZnO ensemble (1.0 at.% Co) (spectra not shown). Within the
examined range of 10 mW/cm2 to 10 W/cm2 the intensities of all emission features scaled linear
with the excitation power, as expected in the low excitation regime. A slight broadening of the
NBE emission was observed in the CL spectra, which was attributed to local heating of the
sample at high electron currents.
The influence of sample temperature on the optical emission properties was investigated for a
ZnO:Co nanowire ensemble (1.0 at.% Co). Figure 5.11 (a) presents the normalized CL survey
spectra at several temperatures between 12 to 290 K. The NBE is dominated by the DX emission
at 3.36 eV at low temperatures, which decreases rapidly in intensity with increasing temperature
and is completely quenched around 110 K, as the donors are ionized around this temperature
[325]. The free excitons and their phonon replica govern the NBE at higher temperatures and the
emission maximum is red-shifted, which can be described by the empirical Varshni relation [326].
The green defect emission is not shifted, but broadens at elevated temperatures in agreement
with the configuration coordinate model (see chapter 4.2.2). The intensity of the red defect band
decreases compared to the green defect band at elevated temperatures. The most intense Co2+

luminescence is observed at low temperatures. Only slight changes of the emission intensity are
present up to 150 K. Higher temperatures lead to an intensity decrease of the intra-3d lumines-
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Figure 5.11: (a) Normalized CL survey spectra of Co implanted ZnO nanowires at temperatures between
12 - 290 K reveal the Co2+ emission up to room temperature. (b) High resolution CL spectra show the
intensity decrease of the direct 2E(G)→4A2(F) transition up to 100 K. The phonon side band dominates
the emission at temperatures above. (c) Integrated NBE, DLE and Co2+ emission intensity as a function
of sample temperature.

cence, but it can still be observed up to room temperature.
High resolution spectra of the 2E(G)→4A2(F) transition are displayed after subtraction of the
ZnO defect background at several temperatures in figure 5.11 (b). The Co2+ emission is dom-
inated by the radiative intra-3d transition at low temperatures. The intensity of the direct
transition decreases strongly up to 60 K and vanishes around 90-100 K. The intensity of the
phonon side band is enhanced up to 40 K and dominates the emission at temperatures above,
which is related to a stronger phonon coupling at elevated temperatures. The modulation of the
phonon side band due to local phonon modes is reduced and only a broad unstructured band is
observed above 120 K, which is red-shifted by 40 meV at elevated temperatures.
The integrated emission intensities of the NBE, DLE and Co2+ emission were normalized and
plotted as a function of temperature in figure 5.11 (c). The intensities of the NBE emission
remains constant up to 50 K, decreases by a factor of 2 due to the thermal ionization of the
donor bound excitons at temperatures between 60 - 100 K follows the temperature dependence
of the free exciton emission up to room temperature [326]. The DLE emission intensity is nearly
constant up to 70 K and decreases by a factor of 5 up to RT. The Co2+ intensity also remained
nearly constant up to 40 K and decreases up to 70 K. At higher sample temperatures, the
Co2+ descented only slightly up to 150 K, but a strong intensity decrease is observed above.
At low temperatures, the Co2+ ions can be excited the recombination of exciton bound to the
Co ions as well energy transfer from defect states. The slight intensity decrease above 70 K
can be interpreted that the excitation by the excitons is less effective at higher temperatures,
as e.g. the bound excitons are thermally ionized [102]. Above this temperature, the excitation
is mainly due to the less efficient energy transfer from defect states. Above 150 K, enhanced
non-radiative de-excitation occurred by phonon interaction or energy transfer to killer centers.
A similar temperature behaviour was observed for the emission properties of wet-chemical grown
ZnO:Co nanowires and nanorods [419, 424] as well as the absorption properties of Co doped ZnO
crystals [214].

5.3.4 Temporal decay of the Co luminescence

The temporal decay of the Co2+ 2E(G)→4A2(F) transition was investigated for Co implanted
ZnO nanowire ensemble (1.0 at.%). Figure 5.12 (a) presents the normalized TRPL spectra
at 5 ns integration time for different delays after the excitation pulse. Technical restrictions
limited the investigation earlier than 35 ns after the excitation pulse. The spectra show the



68 Cobalt implanted ZnO nanowires

Figure 5.12: (a) Normalized PL spectra of the
Co2+ 2E(G)→4A2(F) transition of a ZnO nano-
wire ensemble (1.0 at.% Co) at different delays
after the excitation pulse. The spectral shape re-
mains constant at the investigated time scale. (b)
The transient can be fitted with a single exponential
decay assuming a lifetime of 7.9(4) ns.

Figure 5.13: ((a) SEM image of dispersed ZnO:Co
nanowires, which show a strong Co2+ emission in
the CL spectrum (b). Monochromatic CL images
show the homogeneous Co2+emission (c) of single
nanowires. The DLE (d) and NBE (e) emission is
localized at thicker nanowire parts, which have not
been completely implanted.

direct 2E(G)→4A2(F) transition accompanied by the phonon side band. The emission features
are comparable to the high resolution spectra recorded using steady-state excitation conditions
(compare figure 5.9 (b)). The spectral shape of the emission does not change within the inves-
tigated time range, as it is expected for a intra-3d transition. The integrated PL intensity after
subtraction of the ZnO defect background is plotted normalized to 35 ns delay in figure 5.12 (b).
The transient can be well fitted using a single exponential function with a radiative lifetime of 7.9
± 0.4 ns. The temporal decay of the Co luminescence of ZnO nanowires with nominal 8.0 at.%
(not shown) could also be fitted with single exponential decay using a similar lifetimes of 10.2 ±
0.9 ns. The Co2+ ions in ZnO nanowires show a slightly faster decay compared Co2+ ions in a
single ZnO crystal (∼ 15 ns) with low doping content (10 ppm) [476]. This can be attributed to
the higher doping level, at which energy transfer between ions become important and allow fast
non-radiative de-excitation. In addition, a higher defect concentration can be assumed for the
ZnO nanowires due to the implantation. The short lifetimes indicate that the 2E(G)→4A2(F)
is a strongly allowed electric dipole transition for Co ions in ZnO [477]. The examined lifetimes
for ZnO nanowires are almost one order of magnitude faster as lifetime (∼ 65 ns) reported for
wet chemical synthesized ZnO:Co nanocrystals [428]. Due to the small size of the nanocrystal
(∼ 3 nm), the Co ions experience a huge contribution of the surrounding in the case of emission,
which lowers the effective refractive index, resulting in a reduced transition probability and thus
elongates the lifetime (see chapter 2.2.2).

5.3.5 Emission properties of single ZnO:Co nanowires

The emission homogeneity of Co implanted ZnO nanowires was investigated using monochromatic
CL at low temperatures, as presented in figure 5.13. The SEM image (a) shows dispersed
ZnO nanowires with a nominal 2.0 at.% Co, which were imprinted to a clean Si substrate.
The corresponding CL spectrum (b) reveals a strong Co2+emission compared to the rather low
intensity of the NBE and defect emission. Monochromatic CL images of the Co2+ emission
recorded at 1.8 eV (c) with a bandpass of 0.2 eV reflect the strong and homogeneous intra-3d
luminescence from the implanted nanowires. Thicker nanowires appear brighter as more ions are
present in the excitation volume of the electron beam and contribute to the luminescence. Within
the experimental uncertainties, no doping inhomogeneities are observed from the CL images. The
DLE and NBE emission (recorded at 2.4 eV (d) and 3.25 eV (e)) are only observed from thicker
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Figure 5.14: (a) Representative µPL survey spectra single ZnO nanowires with nominal Co concen-
trations of 0.05 - 8.0 at.% show the strong Co2+emission. (b) CL spectra of single ZnO nanowires
transferred to a clean substrate after Co implantation show a strong influence of the nanowire diameter
on the emission characteristics. (c) CL spectra of single ZnO nanowires transferred to a clean substrate
before implantation exhibit a more homogeneous emission.

nanowires or attached sail-like structures, which are probably not completely implanted and
exhibit undoped ZnO parts.
Figure 5.14 presents typical µPL spectra of single Co implanted ZnO nanowires with nominal 0.05,
1.0 and 8.0 at.% at low temperatures under moderately high cw excitation. The nanowires have
comparable dimensions with diameters around 300 nm and length of about 10 µm. For the low Co
concentration, the ZnO emission dominates the spectra and is comparable to the implanted ZnO
nanowire ensemble emission, but the Co emission is significantly stronger. The Co2+ emission
dominates the emission spectrum of ZnO nanowires with 1.0 at.% and is significantly more
intense than the NBE and DLE emission. The nanowire with nominal 8 at.% has a similar
emission spectrum, but the intensity of the phonon side band is stronger as observed before in
the ensemble measurements and the defect emission is increased, probably due to the higher
defect concentration remaining after implantation and annealing.
The impact of the nanowire diameter on the emission properties was investigated for single Co
implanted ZnO nanowires (1.0 at.%), which have been implanted as ensemble and transferred via
imprint to a clean Si substrate afterwards. The spectra and the respective nanowire dimensions
(diameter and length) are displayed in figure 5.14 (b). For thin nanowires (< 300 nm), the
Co2+ emission dominated the spectrum and only a minor ZnO related emission was detected. At
diameters above, the ZnO emission becomes more prominent and is the strongest contribution
for nanowires above 400 nm diameter. The effect can be clearly correlated to the calculated
Co ion range in ZnO: The maximum penetration depth at 380 keV ion energy is about 350
nm, which explains well the observation. Thinner nanowires are therefore completely implanted
while thicker nanowires exhibits undoped ZnO parts, which are responsible for the increased
contribution of the ZnO emission in the spectrum. The length of the nanowires transferred after
implantation were in the range of 5 to 20 µm, which are therefore shorter than as-grown and not
implanted nanowires transferred by imprint. Although the majority of the implantation related
defects have been recovered, the remaining defects weaken the elastic properties of the crystal
and shrink e.g. the Young modulus [444, 478], making the nanowires more brittle. Besides this,
no influence of the nanowire length was found on the emission spectra.
The optical properties of the imprint sample, which was imprinted first and than implanted, was
investigated using CL with equal excitation conditions. No intra-3d luminescence was detected
from the Co implanted Si substrate. The CL spectra of single ZnO:Co nanowires with diameters
between 230 - 500 nm are plotted in figure 5.14 (c). The Co2+ emission bestrides the spectra
comparable to the nanowires transferred after implantation and no contribution of the ZnO
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Figure 5.15: (a) µPL survey spectra of a single ZnO:Co nanowire (1.0 at.%) at different excitation
intensities. (b) The evaluated Co2+intensities reveal a linear increase with excitation power. The inset
presents an SEM image of the examined nanowire. (c) Lateral resolved µPL spectra of a single ZnO:Co
nanowire from the position of the laser spot as well as from the waveguided emission at the nanowire end.
(d) µPL spectrum of a single ZnO:Co nanowire at high excitation using the pulsed Nd:YAG laser.

NBE was observed, even for thick nanowires with diameters in the range of 500 nm. The
difference can be explained by the impact of the preparation, as described in section 5.2. The
nanowires on the imprint sample experience a stronger damage due to the implantation [62],
as the sputter coefficient is enhanced and more material is removed from the nanowires. As a
consequence, the diameter is stronger reduced as for free standing nanowires and the nanowires
are finally completely implanted (compare figure 5.2 (c)). Additional difference compared to
the µPL investigations appear in the single nanowire CL spectra in form of the slight intensity
modulations in the range of 1.95 - 2.9 eV, which might originate from radiative intra-3d transitions
from higher excited levels to the 4A2(F) ground state, which are directly excited by hot electrons.
The arrows in figure 5.14 (c) mark possible transitions at (1) = 2T 1(G)→4A2(F) at 1.95 eV , (2)
= 2T 2(G)→4A2(F) at 2.27 eV, (3) = 2H→4A2(F) at 2.41 eV, (4) = 2D→4A2(F) at 2.63 eV and
(5) = 2P→4A2(F) at 2.86 eV, which have been assigned by comparison of CL spectra with PLE
data (figure 5.8 (a)) and absorption data from literature [214, 239, 423, 479].
The emission properties of one single nanowire with ∼ 180 nm diameter and 8.6 µm length (1.0
at.% Co) has been investigated using µPL at different cw excitation powers in the range between
1 - 104 W/cm2. Figure 5.15 (a) presents the µPL survey spectra as a function of excitation
power. The respective nanowire is shown in the SEM image in the inset of (b). The Co emission
clearly dominates the spectrum at low excitation levels and the NBE and DLE emission are
only minor contributions. Note: the elevated PL intensity between 2.25 and 2.4 eV is a system
artefact related to the background correction of the CCD camera. At elevated excitation levels
around 1 kW/cm2, the NBE emission broadens as more carriers are generated. The phonon side
band of the Co2+ emission also gains intensity and dominates the emission above 7 kW/cm2,
which is attributed to local heating of the nanowire by the laser beam at high excitation powers
[309]. Figure 5.15 (b) presents the integrated µPL intensities as a function of the excitation
power. The emission intensities of the NBE and DLE emission raise sub-linear in intensity up to
10 W/cm2, following by a linear slope above. A similar behaviour is seen for the defect emission.
The Co emission scales linear over a wide range of excitation powers, a slight deviation from this
behaviour and sub-linear increase is observed above 3 kW/cm2. The local heating is expected to
enhance the non-radiative excitation at the high power levels.
Waveguide emission could be observed on the nanowire ends for some implanted ZnO nanowires,
especially for thick nanowires (diameter ≥ 400 nm) of the hot implanted sample. Lateral resolved
µPL spectra of the nanowire emission at the position of the laser spot as well as the waveguide
emission from the nanowire facet end is presented in figure 5.15 (c). The emission at the position
of the laser spot is characterised by the typical emission features of Co implanted ZnO nanowires
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(compare figure 5.14 (a)). The emission from the facet end is less intense, but shows the same
luminescence features. The NW end to laser spot emission ratio plotted below the µPLspectra
in the 5.15 (c). A high ratio (∼ 80 %) of the light with photons energies between 1.6 and
2.0 eV is guided with low losses from the laser spot to the nanowire end. The defect emission
at energies below or above the Co2+ emission is less reduced than the intra-3d emission itself,
which can be attributed to resonant re-absorption and emission processes of Co2+ ions in the
nanowire [239, 423]. At higher energies, the ratio decreases nearly exponentially (linear decrease
in logarithmic scale) at higher photon energies, as the ZnO waveguide has a higher self-absorption
due to defect states in this range. A deviaton from this behaviour is found between 2.9 and 3.3
eV, which can be attributed to the properties of active (polaritonic) light transport in the ZnO
nanowire [167].
The light transport properties are strongly related to the nanowire diameter, as the light is only
guided with good confinement inside the nanowire above a critical diameter, as observed for
undoped ZnO and CdS nanowires in chapter 4.3.3. The critical diameter for the Co2+ emission
can be estimated to ∼ 340 nm, assuming the wavelength at the maximum of the Co intra-3d
emission (∼ 670 nm) and a refractive index of n = 1.98 [110] at the respective wavelength. This
gives a reasonable explanation for the observation of waveguide effects only implanted nanowire
of large diameters as well as the observed linear slope in the power dependent measurement, as
the diameter of the examined nanowire was well below the critical diameter to enable efficient
waveguiding and possible light amplification.
The emission properties in the high excitation regime were investigated using nanosecond pulsed
excitation at 355 nm. The emission intensity of the implanted ZnO nanowires was significantly
lower upon pulsed compared to cw excitation, which probably results from the short temporal
response of the nanowire luminescence. A measurable intra-3d PL intensity from implanted ZnO
nanowires was only observed at significantly higher excitation powers in the range of 300 kW/cm2,
at which unimplanted ZnO nanowires typically show a very intense emission by lasing oscillations
(see previous chapter 4.2.4). The µPL spectrum of a single Co implanted ZnO nanowire (0.1
at.%) at high pulsed excitation was dominated by the ZnO near band edge emission with minor
contributions of the defect emission (figure 5.15 (d)). The Co emission intensity is significantly
less intense compared to cw excitation (µPL spectrum of the single NW with 0.05 at.% in figure
5.14 (a)). The observation points to a saturation behaviour of the Co emission at high pumping
levels, as all Co ions are excited within the time scale of the excitation pulse and the additionally
created carriers recombine via excitonic recombinations in the ZnO lattice. Although the majority
of the implantation related defects have been recovered (see TEM and XAS data), the implanted
nanowires seem to be limited in their ability for light amplification. This probably results from
a stronger absorption of the implanted ZnO crystal. A similar observation was found for ZnO
nanowires, whose facet ends were modified using the focussed ion beam microscope (FIB) [302].
Although the nanowire ends were irradiated by the Ga ion beam, a significantly weaker emission
intensity and no light amplification was observed, even after annealing of the samples.

5.4 Summary

ZnO nanowires were doped with Co using ion implantation and subsequent annealing. The
implantation of the free standing nanowires in the ensemble results in surface roughening and
bending of the nanowires at high fluences in the range above 5 · 1015 ions/cm2. Nanowires in
contact with the substrate suffer from a higher related implantation damage due to increased
sputtering. The implantation related damage can be mainly recovered using appropriate an-
nealing conditions, so that the implanted nanowire retain their high quality single crystalline
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structure. Even the bending can be avoided at elevated implantation temperatures. EDX and
nanoXRF measurements on single nanowires reveal successful doping with the desired concen-
trations. Lateral resolved XAS spectroscopy reveals the presence of Co ions in the 2+ oxidation
state in a nearly perfect surrounding.
The optical activation of the Co2+ ions was observed after annealing above 500°C. Sharp and
intense emission peaks were observed at low temperatures, which could be attributed to sev-
eral Co2+ intra-3d7 transitions. The Co ions can be excited by energy transfer from the ZnO
host or via near-resonant optical stimulation. The Co concentration and annealing conditions
were optimized for an intense Co luminescence. No saturation of the Co emission was found
up to nominal 8 at.% Co, although the defect emission increased strongly above 1 at.% due to
the creation of extended defects at the high fluences necessary, which cannot be recovered by
annealing. For room temperature implanted samples, the best emission properties were found
for annealing at 750°C for 120 min in air. Implantation at elevated temperatures could improve
the Co2+ emission intensity by one order of magnitude. The sharp Co luminescence is most
intense at low temperatures. At elevated temperatures, the Co emission intensity decreased by
a factor of about 100 and only a broad phonon side band is observed in the spectra. A linear
relation between the emission intensity and the pumping power was observed in the low excita-
tion regime. TRPL spectroscopy could determine a lifetime of 10 ns for Co in ZnO nanowires,
which is slightly faster compared to ZnO:Co single crystals. The emission properties of single
implanted nanowires are governed the intense intra-3d emission. The emission properties for
free-standing implanted nanowires depend on their diameter, which is related to the ion range.
Power dependent measurements on one single nanowire show a linear power dependence for cw
excitation up to 10 kW/cm2. Waveguide effects were observed for large diameter nanowires at
local cw excitation. A saturation of the Co luminescence was noticed for pulsed excitation in the
high power regime (> 100 kW/cm2).
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This chapter discusses the structural and optical properties of manganese (Mn) and terbium (Tb)
implanted ZnS nanowires. ZnS nanowires were synthesized in close collaboration with Michael
Kozlik and Franziska Riedel. Details of the growth process are published in their respective
diplomas theses [24, 267, 269, 270, 480]. The investigation of Mn implanted ZnS nanowires
was performed in collaboration with the group of Prof. Dr. Wolfram Heimbrodt (Phillips-
Universität Marburg). Experiment design and sample preparation was executed in Jena, the
optical experiments were performed by Uwe Kaiser in Marburg [88]. The data were interpreted
in close collaboration. Parts of the results are published in [481, 482]. The experiments on
terbium implanted ZnS nanowires were carried out in close collaboration with Franziska Riedel
as well as Uwe Kaiser and Sebastian Gies (Phillips-Universität Marburg) [480, 483]. The work
is partly published in [482].

6.1 Motivation

Zinc sulfide doped with manganese (Mn) and terbium (Tb) are well known phosphors and ex-
hibit intense intra-3d(4f) luminescence from the impurities [484, 485]. The energy transfer from
ZnS to the impurity states is very efficient, so that the excitonic ZnS emission can be completely
quenched for high concentrations (typically > 1 at.%) [486]. Intense impurity emission by elec-
troluminescence was observed for both dopants [484, 485], which made those elements interesting
for the realization of thin film electroluminescence (TFEL) devices [487, 488]. The full colour
range can be covered by the choice of the suitable dopant [233, 489, 490].
Doped ZnS nanocrystals even showed an increased emission intensity compared to bulk crystals
and thin films [491], which was attributed to the increased quantum efficiency [492, 493]. So far,
only doped ZnS nanocrystals have been realized as phosphors [494–496], but Mn or Tb doped
ZnS nanowires would exhibit enhanced properties. The incorporation of the dopants into VLS
grown nanowires is difficult (as described in chapter 5.1), but doping via ion implantation was
proven to be successful [9, 497]. The impurities would act as light emitter while the nanowire
geometry provides an efficient waveguide [20]. The combination of impurities and nanowires
could yield into an electrically driven highly localized unidirectional emitting impurity LED.
Making use of the resonator properties of ZnS nanowires [176], even electrically driven impurity
nanolasers seem possible.
Mn2+ in ZnS shows an intense emission around 2.14 eV (580 nm), originating from an intra-3d5

transition from the excited 4T 1(G) (S = 3/2) to the 6A1(S) (S = 5/2) ground state [498] for
ions incorporated substitutionally on a Zn site [499]. The internal transition is spin forbidden
for the free ion, but the incorporation into the ZnS host matrix partly lifts the selection rules
due to the reduction of local symmetry and s,p-d hybridization in the formation of the electronic
band structure [500, 501]. Due to the low transition probability, isolated Mn ions in a nearly
defect-free ZnS host matrix show a single exponential decay with a very long intrinsic lifetime
of 1.8 ms [502]. The presence of defects in the closer surrounding of an excited Mn ion leads
to strong non-exponential decay behaviour [498]: The Mn ions can de-excite by energy transfer
to a defect related non-radiative site ("killer center"). This fast process therefore shortens the
lifetime of the excited ions. Additional Mn ions in the closer surrounding of the excited ion
promote the reduction of the Mn lifetime: resonant energy transfer between Mn ions becomes
possible and the fast energy migration within the Mn subsystem makes it more probable for an
excited ion to interact with a killer center. The Mn lifetime at a given defect concentration is
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thereby further reduced, as more killer centers are involved. The temporal behaviour is therefore
determined by the interplay of the two length scales, the mean Mn-defect distance (influenced by
the defect concentration) and the mean Mn-Mn distance (influenced by the Mn concentration).
Both scales are typically in the nanometer range (1-100 nm), therefore geometrical restrictions
induced by e.g. ZnS nanostructures will have an additional effect on the temporal decay of the
Mn ions [9].
A significant influence of the sample morphology and the Mn concentration on the temporal
intra-3d decay was proven for implanted ZnS nanowires and nanobands with otherwise same
properties and preparation [9, 183, 325]. The transients can be described by a model, which
modified the Förster dipole energy transfer and its extension [230, 503] for 1D and 2D sample
geometries [9]. The model takes into account three major contributions: resonant energy transfer
(migration) between Mn ions, the interaction between Mn ions and killer centers as well as the
dimensionality of the host nanostructure. The dimensionality results from the length scales of
the mean Mn-Mn and Mn-defect distances in comparison to the nanowire diameter and length.
Using correct parameter and dimensionality, the temporal behaviour of the luminescence can be
correctly described from a few microseconds to several milliseconds [504]. Different ZnS nanos-
tructure morphologies and Mn concentrations combinations covered the successful verification of
the modified Förster model for these two contributions [9, 183]. In the experiments performed
in this thesis, the Mn-defect interaction will be addressed by systematic variation of the defect
concentration and the model verified for this parameter [88, 481].
Tb3+ in ZnS shows an intense green emission due to electronic intra-4f8 transitions. High efficient
electroluminescence devices were realized based on ZnS:Tb thin films [505]. For ZnS nanostruc-
tures, successful Tb doping was only reported for wet chemical grown nanocrystals [491, 493, 495]
of otherwise rather poor crystal quality. The incorporation of Tb and other rare earth elements
into high quality ZnS nanowires by ion implantation would open new possibilities. The exper-
iments in this thesis investigate the structural and optical properties of the Tb implanted ZnS
nanowires. The understanding of the emission properties of ensembles and single nanowires are
crucial for the future realization of nanoscaled electroluminescence devices, which could be based
on the adaption of thin-film electroluminescence concepts [233, 505] for ZnS:Tb nanowires.

6.2 As-grown ZnS nanowires

ZnS nanowires were synthesized by a CVD process using a horizontal tube furnace [270, 480].
The growth parameter were tuned to achieve reliable synthesis and optimized nanowire mor-
phologies. Growth of ZnS nanostructures was found between 970 to 830°C. High temperatures
and high transport gas pressure around 300 mbar lead to the formation of belt like structures
with length up to 100 µm, width of 1 to 10 µm and a thickness of about 50 nm. At intermediate
temperatures (around 900°C) and pressures around 100 mbar, long and straight ZnS nanowires
were synthesized with diameters between 100 - 400 nm and length up to 100 µm, as shown in
the SEM image in figure 6.1 (a). Further reduction of the pressure promotes the synthesis of
nanowires with smaller diameters between 50 - 100 nm.
The morphology and crystal structure was examined using TEM. Figure 6.1 (b) shows a low
magnification image of a typical ZnS nanowire with a smooth surface without observable imper-
fections. A droplet is often attached to the wire end. Stoichiometric analysis by EDX (not shown)
identified Au from the catalyst, thus confirming the VLS growth of the ZnS nanowires. Residual
Zn but no S is found in the Au catalyst droplet [270], which approves the assumption that the
metal component (Zn) is incorporated via the liquid catalyst while the non-metal component (S)
is incorporated at the interface between catalyst and nanowire [261]. The nanowire body was
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Figure 6.1: (a) SEM image of an as-grown ZnS nanowire ensemble. (b) TEM image showing the
smooth surface of a straight ZnS nanowire with catalyst dot. (c) HRTEM reveals the high quality lattice
with different crystal phases. (d) SAED images show the occurrence of both the cubic and the hexagonal
crystal phase in the ZnS nanowires. (e) CL overview spectra of the as-grown and annealed ZnS nanowire
ensemble.

found to be stoichiometric ZnS without any other impurities within the detection limits. High
resolution images, as shown in figure 6.1 (c), reveal a high quality crystal lattice. Irregularities
in the crystal structure are present, which do not originate from defects or dislocations. SAED
investigations (figure 6.1(d)) can explain this by the presence of both the cubic and wurtzite
phase, as typically observed for ZnS nanowires [267, 270]. The cubic lattice structure is usu-
ally more stable at temperatures below 1020°C [506], but the nanoscaled dimensions allow the
occurrence of the wurtzite phase at temperatures similar to the growth temperatures [7]. The
nanowires are therefore no single crystals, but often show a preferential crystal direction.
Optical investigations of an as-grown ZnS nanowire ensemble using CL at low temperatures
show three emission bands (figure 6.1 (e)): The most intense emission between 3.3 and 3.9 eV
is attributed to the recombination of carriers by donor bound (DX, 3.77 eV) [507] and acceptor
bound excitons (AX, 3.73 eV) [508, 509] as well as direct recombinations of electrons with ion-
ized acceptors (e,A, 3.62 eV) [122, 123]. The modulation of the band on the low energy side can
be explained by the occurrence of longitudinal optical phonon replica (LO) with an energetic
spacing of 43 meV [126]. A distinct peak appears on the high energy side at 3.87 eV is attributed
to the recombination of the wurtzite phase [106]. The CL measurements further confirm the
presence of both the cubic and wurtzite crystal phase in the nanowires.
The two emission bands at lower energies are assigned to intrinsic and extrinsic defects: The
emission centered at 2.96 eV is related to recombination of carriers at zinc and sulfur interstitials
and vacancies [130, 131]. A distinct assignment of the origins is excluded due to the band width
of ∼ 640 meV without specific features, but the recombination at vacancy states is regarded
at lower energies to the interstitial states [137]. The origin of the band centered at 2.44 eV is
still a point of discussion in literature. Its appearance in nominal undoped ZnS bulk material
and nanostructures allows the assignment to intrinsic defects [510–512], like interstitial zinc in
tetrahedric and octahedric sites. But an alternative interpretation is the recombination at ex-
trinsic defects caused by unintentional doping with other transition metals (e.g. Ag, Cu, Al,
Mn), as their emissions are typically observed in the same energy range [498, 513, 514]. As those
elements are usually not incorporated into the nanowire during VLS growth, but accumulate in
the catalyst dot, it is more likely that the defect emission originated from incorporated Au itself
[140, 141].
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Annealing of the as-grown ZnS nanowire ensemble in high vacuum atmosphere at 600°C for 30
min was performed, as these conditions were determined for a sufficient recovery of ion implanted
ZnS nanowires [497]. The effects on the luminescence were investigated using equivalent CL con-
ditions (figure 6.1 (d)). The intensity of the emissions band change slightly and a new band
centered at 3.39 eV appears at some samples, which is assumed to originate from a DAP transi-
tion caused by unintended contamination with an impurity acting as a donor [267]. The stronger
emission of the DX supports this assumption. Other samples show an additional emission band
centered at 1.9 eV, especially for long annealing times. The appearance of the band is correlated
to the incorporation of oxygen close to the surface [88, 515].

6.3 Mn implanted ZnS nanowires

6.3.1 Mn2+ luminescence in ZnS nanowires

ZnS nanowires with diameters of 100 - 300 nm and length up to 50 µm were transferred by
isopropanol solution to clean Si substrates and implanted with Mn using different ion energies (20-
380 keV) to establish a homogeneous concentration profile within the nanowire diameter. The ion
fluencies were chosen to arrange Mn concentrations of 0.14 · 10−3 and 0.14 at.%, corresponding to
low and high Mn doping conditions with minor and major migration effects, respectively. Good
optical activation of the Mn was found for subsequent annealing at 600°C for 30 min in vacuum
[497]. Electron spin resonance (ESR) measurements could confirm the location of the Mn ions
on Zn lattice sites [516]. Spacial resolved CL measurements proof Mn2+ intra-3d-luminescence
originating only from the implanted ZnS nanowires [325]. Three approaches were used to alter the
concentration of killer centers: 1) implantation at elevated temperatures, 2) post-implantation
annealing and 3) implantation of additional Ne ions.
The samples were investigated using TRPL with 355 nm excitation at a temperature of 10 K. A
series of processed and normalized spectra of the Mn luminescence taken at different times after
the excitation pulse is plotted in figure 6.2 (a). The given time values correspond to the delay
time from the excitation pulse at the center of the integration time window (value in brackets).
Delay and window time were gradually extended to follow the Mn decay: the integration time
window was set to 0.1 µs for early delay times up to 2 µs and extended to 1 µs up to 20 µs delay.
10 µs integration time was used between 20 and 200 µs, 100 µs up to 2 ms finally 1 ms integration
time windows for later delay times. A single broad emission centered at 2.14 eV can be observed
from some hundred nanoseconds up to several milliseconds. The spectral shape does not change
for all investigated times, which is characteristic for the intra-3d5 transition of Mn2+ ions. The
integrated Mn PL intensity is plotted as a function of the delay time in figure 6.2 (b) for the
sample implanted at 600°C with low Mn content. The transient shows a fast reduction of the Mn
luminescence intensity at short times followed by a slow but nearly single exponential decay later.
The rapid intensity decrease at early times is caused by fast energy transfer from excited Mn ions
to killer centers. After those ions have been de-excited, the decay at later times is dominated
by isolated ions and therefore nearly single-exponential. The observed behaviour can be well
described by the modified Förster model (equation 6.1) [9, 183]. The model described the energy
transfer by dipole-dipole interaction between the Mn ions and killer centers, which is proportional
to R−6, with R being the distance between the excited Mn ion and energy acceptor (Mn ion or
defects). R0 = 4.85 nm is the critical length at which radiative recombination and dipole-dipole
energy transfer has equal probability for the excited Mn ion. The length was determined from
experiments analyzing the PL decay of spherical ZnS:Mn nanoparticles with diameters below 10
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Figure 6.2: (a) Luminescence spectra of the Mn implanted ZnS nanowires (1.4·10−3 at.-%) after an-
nealing at 600°C. The spectral shape of the Mn2+ 4T 1→6A1 transition does not change at different delay
(integration) times. (b) The transient Mn decay of the ZnS nanowires can be fitted using the modified
Förster model for D = 1, which is interpreted as preferential energy transfer along the nanowire axis. (c)
Transients of the red and green defect band: the intensity of the red defect band limits the reliable data
acquisition at short times especially for the low Mn samples.

nm [504]. The normalized transient 〈I(t)/I0〉 can be fitted by
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where τMn is the radiative lifetime of isolated Mn ions. A value of 2.5 ms was derived from the
single exponential tail of the transient at large delay times, which is larger than the lifetime of 1.8
ms for Mn ions in a defect free bulk surrounding [502]. An explanation is given by the influence
of the refractive index n of the surrounding media on the transition probability (and therefore
lifetime) of the excited ion (see chapter 2.2.2): the emission of excited ions extends as evanescent
field into the surrounding of the nanostructure. Due to this effect, the ion experiences a refractive
index, which is intermediate between the bulk value and the surrounding air/vacuum (n ∼= 1) [9].
The reduced effective refractive index decreases the transition probability and thereby extends
the radiative lifetimes of the excited ions in nanostructures. The parameter D accounts for
the dimensionality of the system and n = N/Rg is a defect line density with N defects within
the sample extension Rg in one, two or three dimensions. α = 1.129, 1.354 or

√
π is a factor

calculated from a Γ-function depending on the dimensionality D = 1, 2 or 3. The migration time
τmigr accounts for the effectiveness of the excitation migration by energy transfer within the
Mn subsystem. For isolated ions without migration effects, it has an upper limit of the natural
Mn lifetime (τmigr = τMn). Higher Mn concentrations (shorter mean Mn-Mn distance) make
excitation migration more effective (and faster), leading to a smaller value of τmigr.
The transient for the low Mn content sample shown in figure 6.2 (b) can be perfectly fitted by
the modified Förster model (equation 6.1) using D = 1, n = 0.37 nm−1 and the parameter given
in table 6.1. A migration time of τMigr = 1.4 ms has to be employed, which is smaller than
the natural lifetime τMn. The value was estimated by interpolation from a model [517, 518] and

Table 6.1: Sample details and parameter used for the fit by the modified Förster energy transfer model.

Mn [at.%] Mn [cm−3] dMnMn [nm] R0 [nm] τMn [ms] τMigr [ms] D α

1.4 · 10−3 6.9 · 1017 11.3 4.85 2.5 1.4 1 1.129
1.4 · 10−1 6.9 · 1019 2.4 4.85 2.5 1.0 2 1.354
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literature values taken from similar samples [9, 88]. The reduction of τMigr confirms that the
majority of the Mn ions cannot be considered as isolated ions and energy migration is already
present at this Mn concentration. The employed dimensionality D = 1 can be understood by
comparison of the length scales: the Mn concentration of 1.4 · 10−3 at.% corresponds to a mean
Mn-Mn distance of 11.3 nm, which is more than a tenth of the estimated nanowire diameter (100
nm), but the nanowire length (> 10 µm) is large compared to these values. The arrangement of
the Mn ions can be assumed as a linear chain in the nanowire and energy transfer occurs along
this chain, preferentially in the direction of the nanowire axis (compare inset in figure 6.2 (b)).
The system is quasi one dimensional for energy transfer and justifies the fit using D = 1, thus
confirming that the restricted dimension of the nanowire morphology has a strong impact on the
Mn decay dynamics. The defect line density of n = 0.37 nm−1 can be converted to a volume
density by projection onto the cross-sectional area of the nanowire by nvolume = n/πR2 for D =
1 [88]. The volume defect density is calculated assuming a 100 nm diameter nanowire and D = 1
for all samples with low Mn content. The evaluated line corresponds to a volume defect density
of nkiller = 4.7 · 1016 cm−3, similar to nkiller = 1 · 1017 cm−3 observed for the remaining defect
density of implanted ZnS nanowires with low Mn content and good defect recovery by annealing
[325]. The evaluated volume defect density corresponds to a mean defect distance of 28 nm,
which in a similar order of magnitude as the mean Mn-Mn distance compared to the nanowire
diameter. Thus, both characteristic lengths are about the same, which is an important condition
for the application of the Förster model [503]. However, some restrictions have to be addressed
for the defect concentration evaluation: The value is representative only for a 100 nm diameter
nanowire. But the defect concentration strongly depends on the diameter, so the given value is
an overestimation e.g. by 50 % for 300 nm diameter nanowires. Further on, the Förster model
takes only defects into account, which are energetically lower than the excited Mn 4T 1 level and
allow non-radiative recombination. The real defect concentration will be therefore higher than
evaluated by this model.
The transient of the high Mn content sample (0.14 at.%, see e.g. figure 6.3 (b) transient for
600°C) can also be fitted with the modified Förster model. But a higher dimensionality D =
2, a smaller migration time τMigr = 1.0 ms and a defect line density of n = 0.175 nm−1 have
to be used. The effect of the increase in dimensionality at high Mn concentration was observed
before [9] and is attributed to the smaller mean Mn-Mn distance of 2.4 nm. The comparison
of the length scales now shows that this value is small compared to the nanowire diameter.
The dimensionality of D = 2 should not understood as if the energy transfer occurs in a plane,
but the system can be considered as intermediate between one- and three-dimensional. The
energy transfer occurs not only along the nanowire axis, but also perpendicular to it. Due to the
nanowire morphology, a preferential direction of energy transfer is preserved. The justification
for the dimensionality of D = 2 is further given by the increased defect concentration of n =
0.175 nm−1. It can be converted to the volume defect concentration via nvolume = n2

line/R for D
= 2. A nanowire diameter of 100 nm was assumed for all samples with high Mn content to allow
the comparison between samples. The calculated volume defect density nkiller = 6.1 · 1017 cm−3

corresponds to a mean defect distance of 12 nm, which is now also significant smaller compared
to the nanowire diameter. The high defect concentration probably results from remaining defect
complexes which are completely not removed during annealing. The damage creation in ZnS is
assumed to behave similar as in ZnO, which is valid due to the same ionicity of the bonding and
similar melting points [99]. The implantation conditions for the samples with low Mn content
can be compared to defect creation stages I and II, observed for irradiation of ZnO with similar
ion masses and energies [310, 420]. A this stages, the damages scales with the ion fluence, but the
defects can mainly recovered by annealing. The higher Mn fluences of the 0.14 at.% samples can
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be compared to the defect creation stage III. Here, defect complexes are formed, which are more
stable and not completely removed by annealing, thus resulting in a higher killer center density
which remains after annealing. The higher Mn concentration results in a further reduction of
the migration time to τMigr = 1.0 ms, meaning that the energy transfer is more effective and
therefore faster due to the small Mn distances.
Figure 6.2 (c) shows the transients of the green (centered at 2.4 eV) and the red (centered at 1.9
eV) defect bands. The temporal behaviour of the defects has been investigated, as these bands
are superimposed to the Mn emission and therefore the major contribution of the background.
The green defect emission is observed for all ZnS:Mn nanowire samples and dominates emission
at early times up a few microseconds. The transient is non-exponential and the emission can
be observed up to 100 µs. The treatment of the sample has a major influence on the band
intensity: low temperature annealing as well as additional Ne implantation (see below) lead to
an enhancement of the emission intensity, which can even exceed the Mn luminescence intensity.
The origin of the band is not clear, as mentioned above: intrinsic defects like sulfur vacancies
[519, 520] are probable as their amount should increase with ion irradiation and decrease with
thermal treatment, as it is observed in the band emission intensity. On the other hand, extrinsic
defects as origin of the band cannot be ruled out as Au was used as catalyst for the nanowire
growth [140].
The red defect band occurs mainly for samples with low Mn content. The spectra show a large
overlap of the Mn2+ and defect emission up to a few hundred microseconds. A feeding of the red
defect emission from the excited Mn has not been observed. Similar to the green defect band, the
intensity increases with Ne irradiation and decreases for thermal treatment. The sample with low
Mn content implanted at 600°C shows the lowest contribution of the band; while the red defect
emission dominates the spectrum up to a millisecond for Ne implanted samples (see below). A
clear identification of the origin is missing up to now. A connection between Ne implantation
and the occurrence of the band cannot be confirmed [521]. Instead, Zn in interstitial sites are
supposed as possible explanation [521, 522], which is reasonable as the intensity increases with
ion fluency. But the low intensity of the band at the high Mn content samples also allows an
alternative interpretation: The nanowires, used for the high Mn content series, were processed
directly after synthesis, while the nanowires of the low Mn series were exposed to air for some
time. Therefore, surface oxidation could give an alternative explanation for the occurrence of
the red band, especially at the low Mn series [515].
The interaction of the Mn ions with the defects takes place within the first microseconds. But
the overlap with defect emissions limits the evaluation of the Mn transients at early times. Only
spectra are regarded for the fit in which the Mn emission is clearly observed and can be separated
from other contributions. The earlier data points are not regarded for the fit, especially for the
low Mn content samples. The reasonable adjustment of the defect density in the fit relies on the
data points at early times after the excitation pulse. This is reflected by the uncertainties of the
defect line densities in the fit, which is typically ± 0.03 nm−1 (±4 · 1015 cm−3) for the low Mn
content samples using D = 1. As the evaluation of earlier times is accessible for the high Mn
content samples due to the increased Mn emission intensity, the uncertainty of the defect line
density is smaller (± 0.008 nm−1), but the calculated volume value (±5 · 1016 cm−3) is higher
due to the increased dimensionality D = 2 for these samples.
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6.3.2 Defect induced changes of the Mn decay dynamics

Implantation at elevated temperatures The impact of an energetic ion into the target is
accompanied by the creation of defects. Their number is strongly influenced by the temperature
of the sample during implantation as the the recombination of the vacancy and interstitial pairs
is a thermally activated process [420]. Implantation at elevated temperatures results in a high
dynamic annealing, the number of remaining defects is assumed to decrease with higher implan-
tation temperature and amorphization can be avoided e.g. for GaAs nanowires [68, 274]. This
offers a smart way to control the defect concentration.
To investigate the effect on the temporal Mn behaviour, a set of ZnS nanowires was implanted
with the low Mn fluence at 400°C and 600°C and investigated without further annealing treat-
ment afterwards. The observed transients are shown in figure 6.3 (a). The Mn luminescence
intensity decays faster for the sample implanted at 400°C compared to implantation at 600°C.
This is in agreement with the expectation that more killer centers remain after implantation
at low temperatures; therefore, the probability of non-radiative Mn ion de-excitation by energy
transfer to killer centers is enhanced. The transient at later times is governed by the emission of
isolated Mn ions therefore similar for both samples. The transients can be well fitted by fixing
the parameters determined for the reference sample (table 6.1) and varying only the defect line
density n. The evaluated value increases from n = 0.37 nm−1 for the 600°C implanted sample
to n = 0.61 nm−1 for implantation at 400°C, which corresponds to a volume defect density of
7.8 · 1016 cm−3 (+ 66 %). The mean defect distance decreases from 28 nm to 23 nm, but still is
in a similar range compared to the mean Mn-Mn distance.
A similar result was achieved for the samples with high Mn content: as expected, the lower
implantation temperature leads to a faster Mn decay. Again, more implantation related defects
remain at the lower temperature, therefore it is more probable for an exited Mn ion to find a
killer center and de-excite by non-radiative energy transfer. A reasonable fit of the transients
could be achieved by fixing all parameters listed in table 6.1 and variation of only the defect
line density. The evaluated defect line densities as a function of implantation temperature are
plotted in figure 6.3 (c). The transient of the sample implanted at 600°C can be fitted with the
lowest defect line density of n = 0.175 nm−1 corresponding to ≈ 6.1 · 1017 cm−3. The transients
of the sample implanted at 500°C and 400°C can be fitted using an increased line density of n
= 0.187 nm−1 and n = 0.204 nm−1 (7.0 · 1017 cm−3 (+ 14%) and 8.3 · 1017 cm−3 (+ 36%),
respectively). The defect concentration increase for implantation at lower temperature is not as
strong as for the low Mn content sample. The explanation is given in the intrinsic higher defect
concentration, which exceeds the defect concentration of the samples with low Mn content by one
order of magnitude, even for the best preparation conditions. As mentioned before, the creation
of defect complexes due to the high Mn fluence is assumed as origin [310]. Higher implantation
temperatures would be needed to recover the crystal lattice from the defect complexes, but the
maximum temperature is limited by the dissolution of the ZnS nanostructures at 700 °C in vac-
uum [480]. It is worth mentioning that the relative defect intensity decrease from 500°C to 600°C
is smaller compared to implantation at 400°C. It can be assumed that some of the created defect
complexes recombine only at temperatures well above 600°C; therefore, the recovery shows a
slight deviation from a linear relation.

Post-implantation annealing An alternative approach to control the remaining defect con-
centration was performed by implantation at room temperature and post-implantation annealing.
As for implantation at elevated temperatures, the remaining defect concentration should decrease
for higher annealing temperatures while the Mn lifetime should increase.
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Figure 6.3: (a) Transients of the ZnS:Mn (1.4 · 10−3 at.%) nanowires show a faster PL decay for lower
implantation temperatures without further annealing. (b) Annealing at high temperatures leads to slower
decay of the ZnS:Mn (0.14 at.%) luminescence. (c) The comparison of the evaluated defect concentrations
for annealed and hot implanted samples (Mn 0.14 at.%) show a strong reduction upon thermal treatment.

A sample with low Mn content was annealed between 400°C and 600°C in steps of 100 °C for 30
min each; thus, the overall annealing time increases with each step. The evaluated Mn transients
nearly overlap, which is not shown as a figure. The reason is found in the strong emission of the
red defect band, which superimpose Mn emission up to 750 µs. The normalization of the tran-
sients to this delay exclude the time range, which is necessary for a reliable fit of the defect line
density. A defect line density of n = 0.45 nm−1 (corresponding to 5.7 · 1016 cm−3) was evaluated
from the fit of the transient at 600°C annealing. Post-implantation annealing seems therefore
less effective as implantation at the same temperature for the low Mn fluence. For implantation
at room temperature, some defects can form complexes and remain even after annealing, which
would have been otherwise directly recovered at elevated implantation temperatures due to the
higher dynamic annealing rate. The absolute Mn emission intensity did even slightly decrease
with longer annealing times while the defect band emission was strongly promoted. Although
the samples were annealed in vacuum, oxygen is present in the residual gas and can substitute
sulfur atoms close to the nanowire surface [523]. This creates defect levels responsible for the
red defect band emission.
Annealing of a sample with high Mn content in vacuum was performed starting at 200°C to
400°C in steps of 100 °C for 30 min each, thus increasing the annealing time with each step. The
obtained transients are compared to a sample annealed at 600°C for 30 min in figure 6.3 (b).
For this sample, it is assumed that the majority of the created defects, except remaining defect
complexes, were recovered [497]. Similar to the observed behaviour at different implantation
temperatures, the Mn decay becomes slower for higher annealing temperatures, which can be
related to a reduction of the defect concentration. Again, fitting of the transient was performed
by fixing all parameter from table 6.1 and variation of only the defect line density. Reasonable
fits were obtained for all annealing temperatures. For the sample annealed of 200°C, the Mn
emission could be observed only up to 2 ms due to the low emission intensity. Nevertheless, the
transient could be well fitted with the given parameters and a defect line density of n = 0.318
nm−1 (corresponding to 2.0 · 1018 cm−3) within this time range. The increased Mn emission
intensity for higher annealing temperatures allows the observation at later times. This comes
along with a strong reduction of the green defect band emission intensity. The defect line densi-
ties evaluated from the fits are plotted in figure 6.3 (c) as a function of annealing temperature.
A non-linear correlation is found, as the defect reduction is enhanced for higher temperatures.
This is obvious as the recombination of the vacancies and interstitials is a thermally activated
process [420].
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Figure 6.4: (a) SRIM simulation of the overlapping Mn implantation and Ne damage profile. The overlap
is in well agreement with iradina simulations calculated for a 100 nm ZnS nanowire (shown below). (b)
The Mn decay is accelerated by additional defects created by Ne implantation. (c) The evaluated defect
concentration increase relative to the unimplanted reference increases with Ne fluence.

Annealing at 400°C results in a defect concentration of n = 0.277 nm−1 (1.5 · 1018 cm−3), which
is nearly twice the value compared to implantation at 400 °C. Post-implantation annealing seems
not as efficient as implantation at elevated temperatures. As in the case of low Mn content, many
defects already recover at elevated implantation temperatures due to the enhanced dynamic an-
nealing rate before defect complexes can form.
Comparing the defect line densities for implantation and annealing at 600°C, the resulting defect
line densities are about the same. The majority of vacancy-interstitial pairs have recombined
and defect complexes are left, whose recovery is activated at temperatures exceeding the limits
of the ZnS nanostructure. Here, post implantation annealing seems more favourable to high
temperature implantation as the evaluated defect line density is slightly lower. At first sight,
this is contrary to the behaviour observed before, but can be understood by a closer look at
the implantation process parameters. The post implantation annealing is performed in 30 min,
but the implantation can take longer (up to 90 min) due to the high Mn fluence and available
ion currents. During this time, sulfur can dissolve from the ZnS nanowire surface, which results
in the creation additional defect levels [524]. This was observed for the hot implanted sample,
which shows a stronger emission of the green defect band. The Mn emission intensity exceeds
the defect band upon 2 µs for the hot implanted sample. The post-implantation annealed sample
shows this emission ration even at 100 ns after the excitation pulse.

Additional implantation of Ne ions A third approach to control the defect density was
performed by implantation of noble gas ions. Ne was chosen as it is chemically inert; therefore,
the implanted species forms no bonds within the crystal and the majority of the implanted Ne
ions diffuses out at latest after irradiation [521]. Thus, only defects are generated, which act as
killer centers and their density can precisely be controlled by the Ne fluence. Ar and heavier
nobles gases would have the same effect, but due to their higher mass, the ion related damage is
increased, limiting the precise control at the low fluences needed. Helium on the other hand is
too light for sufficient damage creation.
For sample preparation, ZnS nanowires were implanted first with Mn and annealed at 600°C
for 30 min in vacuum in order to achieve a sufficient crystal recovery. Next, the samples were
irradiated with Ne ions at 20 - 200 keV without further annealing. The Ne damage profiles were
calculated using SRIM (figure 6.4 (a)). The Ne ion energies and fluences were chosen to create a
damage profile matching the Mn implantation profile. The simulations were confirmed later for
the nanowire geometry using iradina as shown in figure 6.4 (a): the results show a good overlap
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between Mn ions and Ne created defects for a 100 nm ZnS nanowire.
No change in the Mn decay transients was observed for the samples with low Mn content up to
a Ne fluence of 1.3 · 1011 cm−2, corresponding to a theoretical value of 2 · 10−4 dpa. The addi-
tional damage created by the Ne ions is probably below the intrinsic defect concentration after
Mn implantation and annealing, so no additional influence is induced. Upon irradiation of 6.3 ·
1011 cm−2 Ne (1 · 10−3 dpa), the Mn decay gets faster due to the presence additional Ne created
killer centers. A further irradiation up to a Ne fluence of 6.3 · 1013 cm−2 (0.1 dpa) increases this
effect, but unfortunately, the Mn emission intensity is reduced as well, especially for long times
after the excitation pulse in the luminescence measurements. The defect line densities evaluated
from the fits increased from n = 0.45 nm−1 (corresponding to 5.7 · 1016 cm−3) for the reference
without Ne to n = 0.52 nm−1 (6.6 · 1016 cm−3, + 15%) and n = 0.60 nm−1 (7.6 · 1016 cm−3,
+ 33%) for the low and high Ne fluence. The increase is in the same range observed from the
variation of the implantation temperature in chapter 6.3.2. Therefore, one can conclude that
similar processes are involved in the defect creation.
Theoretical values for the defect concentration have been calculated assuming a background level
of 5 · 1016 cm−3 defects remaining from the Mn implantation after sufficient annealing [525]. The
SRIM and iradina calculated defect concentrations are in the range of 1019 cm−3 for the low Ne
fluence and up to 1021 cm−3 for the high Ne fluence, which is a significant deviation by several
orders of magnitude from the evaluated values. Several reasons have to be taken into account
to explain the observation: first, the low Ne fluence implantation can be compared to the defect
creation stage I observed in ZnO [420], at which the defect creation is governed by point defects
and scales linear with the fluence. Deviations from linear relation appear at high fluences with
the beginning of the defect creation stage II [526]. The highest Ne fluence (6.3 · 1013 cm−2) can
still be set to the beginning defect creation stage II, thus nearly no defect complexes are formed.
Second, a significant recombination of point defects was observed even below room temperature,
therefore the majority of the Ne created defects already recombines during implantation. But
the simulations completely neglect defect recombination and only show a reasonable agreement
with experimental values for very low temperatures, at which the defect recombination is mainly
suppressed [310, 420]. The theoretical calculations are therefore an overestimation for implanta-
tions at elevated temperatures. On the other hand, the defect concentrations evaluated from the
fits take only defects into account, that participate in the Förster energy transfer and strongly
depend on the chosen nanowire diameter. As mentioned above, this is on the other side an
underestimation and only provides a lower limit of the real value.
Additional Ne implantation on samples with high Mn content was performed with fluences be-
tween 4.4 · 1011 cm−2 and 4.4 · 1013 cm−2. The observed Mn decay transients are plotted in
figure 6.4 (b). Again, the excited Mn ions decay faster as the additional defects are created by the
Ne implantation. The fits could be well performed using D = 2 even for the highest Ne fluence
and by adjusting only the defect line density. The increase of the defect line density with respect
to the reference sample without Ne irradiation is plotted in figure 6.4 (c). The increase is low for
small Ne fluences, but the relation scales non-linear for high Ne fluences. The evaluated defect
line density increases from n = 0.206 nm−1 (8.5 · 1016 cm−3, + 34%) for the low Ne fluence to n
= 0.256 nm−1 (1.3 · 1017 cm−3, + 114%) at the high Ne fluence. Although the Ne fluences were
nearly equivalent compared to the low Mn content series, the effect on the defect concentration is
stronger. This might be due to the higher dimension and the projection of the line density to the
volume defect concentration, but another reason is more likely: the higher Mn fluence already
creates significantly more defects, resulting into a high background defect concentration of ∼ 6
· 1017 cm−3. Comparison to the situation of ZnO [420] shows that the annealed samples are
already at defect creation stage III, at which extended defects occur. At this stage, the created
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defects mainly do not recombine as in the case of the low Mn concentration, but are accumulated
to extended defects. Additional Ne irradiation even extends those defects and hampers defect
recovery, which explains the stronger effect of the Ne fluence on the high Mn content samples.
The comparison to the theoretical calculated values is equivalent as for the low Mn content: The
simulations give an overestimation (∼ 1019 - 1021 cm−3 for low and high Ne fluence) of the real
concentration; while, the value derived from the Förster model fits marks an lower limit.
All three approaches were successful in varying the defect concentration in Mn implanted ZnS
nanowires. The Mn decay is accelerated by additional defects and the modified Förster model
can successfully describe the tune of the Mn decay from a few microseconds up to several millisec-
onds for all chosen preparation conditions. This completely proofs the model for Mn implanted
ZnS nanowires.

6.4 Tb implanted ZnS nanowires

As-grown ZnS nanowire ensembles were implanted with terbium (Tb) with ion energies of 20 - 380
keV to provide a homogeneous doping up to a nanowire diameter of 120 nm with a maximum
ion range of about 210 nm. The Tb fluences of 1.4 · 1012 - 1.4 · 1016 ions/cm2 resulted in
nominal concentrations of 2 · 10−4 - 2.0 at.%. The implantation related defects were recovered
by annealing in high vacuum at temperatures up to 600°C and times of typically 30 min.

6.4.1 Morphology and Stoichiometry

Figure 6.5 (a) presents the typical morphology of the ZnS nanowires after implantation of 1.4 ·
1015 ions/cm2 Tb (nominal 0.2 at.%) and annealing at 600°C for 30 min in high vacuum (< 10−5

mbar). The nanowires mainly preserve their morphology compared to the as-grown ensemble
(compare figure 6.1 (a)). A slight bending is observed, which was attributed to the crystal
damage induced by ion implantation [273, 274], leading to compressive and tensile stress in the
lattice (see chapter 5.2). Thinner nanowires show a stronger bending than thicker ones due to th
ion range in respect to the nanowire diameter [274]. The implanted nanowires sometimes exhibit
the tendency to stick together, which probably results from the evacuation and venting processes
during ion implantation and annealing.
The crystal structure of the implanted ZnS nanowires was investigated using TEM. The ZnS
nanowires show a strong inhomogeneous contrast in the TEM after implantation of 1.4 · 1015

ions/cm2 (nom. 0.2 at.% Tb) without further annealing (not shown). SAED and high resolution
images show the presence of crystalline order but with a high degree of structural disorder
originating from the nuclear stopping processes of the impinging ions [86]. The lattice is even
more damaged after implantation of 1.4·1016 ions/cm2 (nom. 2.0 at.% Tb), but still no extended
amorphous areas were observed;. however, the lattice structure becomes strongly polycrystalline
with small crystallites. Figure 6.5 (b) presents a survey TEM micrograph of a ZnS nanowire
after implantation such a high fluence and subsequent annealing at 600°C for 30 min in vacuum.
The nanowire shows a strong inhomogeneous contrast. The surface is rough compared to the
as-grown ZnS nanowires (see figure 6.1 (b)), which is attributed to the sputtering. The SAED
pattern presented in the inset of figure 6.5 (b) confirms the polycrystalline lattice structure. The
diffraction spots are arranged at circles around the central spot. The distance to the central spot
matches the spacing of the {111} denoted planes of the cubic ZnS phase, which was found to
be more stable after ion implantation and annealing, but residua of the wurtzite phase are also
present [497]. The strong intensity of those diffraction spots in the direction of the nanowire axis
reveal the preservation of a preferential orientation. The high resolution image (figure 6.5 (c))
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Figure 6.5: (a) SEM image of Tb implanted ZnS nanowires (0.2 at.%) after annealing at 600°C. (b) The
nanowires exhibit an irregular contrast in the survey TEM image. The surface is roughened due to sputter
effects during the ion implantation. The inset presents the SAED pattern revealing the polycrystalline
structure, but still a preferential orientation of the {111} lattice plains remains along the nanowire axis.
(c) The HR-TEM image shows the high crystal quality of the crystallites. (d) EDX measurements verify
the incorporation of Tb in the ZnS nanowires.

shows the crystalline lattice structure. The crystallites are enlarged after the annealing treatment
compared to the as-implanted state. The crystallites exhibit a high degree of structural order
without the presence of extended defects. No evidence for Tb related clusters or secondary
phases were found. A good recovery of the implantation related defects could be achieved by the
annealing treatment.
The stoichiometry of the Tb implanted ZnS nanowires (nom. 2.0 at.%) was investigated by EDX
in the SEM. The electron voltage was adjusted to 15 keV to excite mainly the implanted ZnS
nanowires in the ensemble. The EDX spectrum in figure 6.5 (d) shows the presence of Zn and S
by the appearance of the respective Zn LI and Lα/β X-ray emission lines at 0.88 keV and 1.02
keV as well as the S Kα/β X-ray lines at 2.31 keV and 2.46 keV [453]. The quantification reveals
a Zn:S ratio close to the stoichiometric composition within the experimental uncertainties. The
X-ray emission at 0.21 keV and 0.53 keV are related to carbon and oxygen from contaminations
on the surface. Successful doping is confirmed by the presence of the Tb Mα/β and Mγ X-
ray emissions at 1.25 keV and 1.46 keV as well as the Lα emission at 6.27 keV. The evaluated
Tb concentration matches the desired value and confirms that no outdiffusion occurred during
annealing.

6.4.2 Tb3+ luminescence in ZnS nanowires

The optical emission properties of Tb implanted ZnS nanowire ensembles were investigated us-
ing PL and CL spectroscopy. Figure 6.6 presents the PL survey spectrum of implanted and
annealed ZnS nanowires (nom. 0.2 at.% Tb) at low power cw excitation and T = 4 K. The
emission consists of a series of sharp emission peaks in the range of 3.26 - 1.75 eV superimposed
to the broad defect emission of the ZnS nanowires. The emission peaks can be clearly assigned
to the Tb3+ intra-4f8 emissions [485, 488, 527–529] by comparison of the emission peak energies
and level spacings with the term scheme derived by with theoretical calculations [530, 531] and
literature data [532, 533]. The Tb3+ emission peaks originate from the excited 5D3 and 5D4

to the 7F J (J=0..6) multiplet, as sketched in figure 6.6 (b). The transitions originating from
the 5D4 term are generally stronger than those from the 5D3 term, as this excited level can
relax non-radiatively into the lower 5D4 term. According to the selection rules of the Judd-Ofelt
theory [193, 194], electric dipole transitions can be induced from the 5D4 term to the complete
7F J multiplet and magnetic dipole transitions are allowed from the 5D4 to the 7F 5,4,3 terms for
good quantum numbers [534]. The assignment of the 5D3→7F 1/7F 0 and the 5D4→7F 6 transi-
tion is not completely conclusive, as those emission lines overlap. A strong contribution of the
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Figure 6.6: (a) The PL survey spectra of Tb implanted ZnS nanowires (0.2 at.%) show the intense
Tb3+ related emission peaks superimposed to the ZnS defect emission. (b) The Tb3+ intra-4f8 transitions
originate from the excited 5D3 and 5D4 to the lower 7F J multiplet. (c) The high resolution PL spectra
unfold the sharp emission peaks originating from the strong Stark level splitting of the 5D4 (5D3) to 7F 5

transition.

5D4→7F 6 transition in the emission can be expected as the 5D3→7F 0 should have a low tran-
sition probability according to the selection rules [194]. The Tb emission bands and a possible
assignment is listed in the appendix in table B.11.
Figure 6.6 (c) presents a high resolution spectrum of the most intense 5D4→7F 5 transition.
Multiple very sharp emission lines (FWHM < 0.14 meV, limited by the resolution of the spec-
trometer) are observed in the range of 2.22 - 2.30 eV, which result from the the Stark level
splitting of the 5D4 and the 7F 5 terms in the presence of the crystal field . For Tb3+ ions in-
corporated on Zn lattice sites (C3v symmetry), the 9-fold degenerated 5D4 term splits into three
non-degenerated and three double-degenerated sub-levels, while the 11-fold 7F 5 term splits into
three non-generated and four double-degenerated sub-levels [535]. The selection rules allow 38
electronic transitions between those Stark levels [535]. However, fewer emission lines should be
observed, as only lower Stark levels are populated at low temperatures [91]. However, more
than the allowed emission lines are observed in the luminescence spectra in figure 6.6 (c), which
indicates that the Tb3+ ions occupy more than one site in the ZnS lattice [536]. The assumption
of several different sites is reasonable, as the ZnS nanowires exhibit both the cubic as well as the
wurtzite lattice structure and the ZnS lattice can accommodate Tb3+ ions on interstitial sites
in both cases [535]. An additional source of disturbance is introduced by (implantation) defects
located in the surrounding of the Tb3+ ions, which are necessary for the charge compensation
and the activation of the rare earth ion in the trivalent state [536].

6.4.3 Optimization of the annealing conditions and Tb concentration

The recovery of the ZnS and activation of the implanted Tb ions was investigated for a ZnS na-
nowire ensemble doped with nominal 0.2 at.% Tb. The sample was split into several parts, which
were annealed at temperatures between 200 - 700°C for 30 min each in high vacuum. The CL
spectra of the Tb implanted and subsequently annealed ZnS nanowire ensembles are plotted in
figure 6.7 (a). The as-implanted sample shows no ZnS related emission, as the optical properties
of the ZnS nanowires are governed by defects in the crystal lattice at this stage. However, broad
Tb3+ related emission peaks of low intensity could observed in the spectrum. Some Tb ions were
already incorporated in the trivalent state and could be directly excited by the hot electrons in
CL [528, 537]. No fine splitting of the Tb emission was observed, which is attributed to the
high degree of disorder in the surrounding. The partial recrystallization of the ZnS lattice starts
after annealing at 400°C, as a low intense ZnS defect emission was observed. A fine splitting
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Figure 6.7: (a) The Tb3+ luminescence can be observed directly after implantation in CL spectra. The
ZnS crystal lattice recovered at annealing above 400°C. (b) The intensity of the Tb3+ 5D4→7F 5 transition
can be strongly enhanced by annealing at 600°C. Higher annealing temperatures lead to the decomposition
of the ZnS nanowires (SEM inset). (c) PL survey spectra of ZnS nanowires implanted with 2 · 10−4 - 2
at.%. (d) The Tb3+ emission intensity increase sublinear and shows a strong quenching above 0.2 at.%.
The high resolution PL spectra shown below indicate additional broad emission lines in the 5D4→7F 5

transition, which probably originate from Tb ions in a surrounding with higher disorder.

in the 5D4→7F 5 transition occurred, which was attributed to the incorporation of a fraction
of the implanted Tb ions on Zn lattice sites [538]. The recovery of the ZnS lattice is strongly
enhanced after annealing at 500°C, which is manifested in the reappearance of the excitonic
emission around 3.7 eV as well as the pronounced defect emission. Annealing at 600°C could
further improve the crystal quality, so that the excitonic emission became more intense while the
defect emission decreased in intensity. The Tb3+ intra-4f emission dominated the spectra and a
strong Stark splitting was observed in the high resolution spectra, as already discussed in figure
6.6 (c). The change in the Stark level splitting can be attributed to the recovery of the ZnS
host lattice: more Tb ions are on Zn lattice sites in an undisturbed surrounding [539] due to the
mobility of the Zn vacancies at this temperature [538, 540]. But also the lattice strain introduced
by e.g. interstitial atoms is reduced by the thermal annealing [541], leading to a change of the
crystal field at the Tb ion sites and thus an altered Stark splitting.
The intensity of the Tb3+ 5D4→7F 5 transition was extracted from the CL spectra and is plotted
as a function of the annealing temperature in figure 6.7 (b). A strong increase of the emission
intensity was observed above 400°C, which is related to the recovery of the ZnS host matrix. The
course of the emission intensity was equal for all Tb transitions [480]. The Tb emission could be
enhanced by a factor of 100 compared to the as-implanted sample. The intensity enhancement
for ZnS:Tb nanowires is about a factor 3 - 5 stronger than for sputtered ZnS:Tb films [534, 542].
The excitation of the Tb3+ ions by energy transfer from the ZnS host matrix strongly depends on
the crystal quality, as a high defect concentration would reduce the transfer efficiency [505]. The
observation can be explained by the higher crystal quality of the ZnS:Tb nanowires compared
to the sputtered films.
Annealing above 600°C leaded to the decomposition of the ZnS nanowires, which is shown in the
SEM image in figure 6.7 (b). This probably resulted from the desorption of sulphur in the high
vacuum atmosphere [543]. An enhanced oxidation of the surface was observed for the Zn rich
nanostructures [544, 545] determined by EDX (not shown). The annealing temperature for ZnS
nanowires in vacuum ambient is therefore limited to 600°C.
The influence of the annealing time was investigated for a sample annealed at 600°C in vacuum.
After 10 min annealing, Tb and ZnS defect emission was observed while the excitonic emission
was still missing (CL spectra not shown). Longer annealing at 30 min to 90 min enhanced the
NBE emission intensity, while the Tb related emission increased by a factor of 3. Longer an-
nealing times of 270 min leaded to a further enhanced excitonic emission, which results from an
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improved ZnS lattice quality, but the Tb intra-4f emission decreased, as shown in the red inset
of figure 6.7 (b). An outdiffusion of Tb at this temperature is not expected [542]. The better
recovery of the lattice structure probably reduced the amount of defects in the Tb surrounding,
which are necessary for charge compensation and the activation of Tb in the trivalent state [536].
The influence of the Tb concentration on the emission properties was investigated for ZnS na-
nowire ensembles doped with Tb in the range 2 · 10−4 - 2.0 at.%. The normalized PL survey
spectra presented in figure 6.7 (c) show low Tb related intra-4f emission bands superimposed
to the ZnS defect emissions at the lowest concentration of 2 · 10−4 at.%. The intra-4f emission
clearly dominates the spectrum for increasing the Tb content by one to two orders of magnitude.
A further raise of the Tb concentration also increases slightly the ZnS defect emission, especially
for the highest Tb concentration of 2 at.%. However, the defect emission is effectively suppressed
at lower Tb concentrations, as the majority of the electron-hole pairs recombine at the rare earth
centers [505]. The increase of the defect emission intensity at high Tb concentrations resulted
from the ion irradiation with high ion fluences, yielding into the creation of extended defects,
which cannot be removed by the thermal annealing treatment [310, 420].
High resolution PL spectra of the 5D4→7F 5 transition are shown in figure 6.7 (d). For the mod-
erate Tb concentration of 2 · 10−2 at.%, the transition consists of a series of very sharp emission
peak, which occur between 2.275 - 2.292 eV on the high energy side and 2.230 - 2.269 eV on the
low energy side. Increasing the Tb concentration, additional broad bands raised around 2.248
eV, 2.275 eV and 2.283 eV and ascend in intensity with concentration, while the intensity of the
sharp emission lines at 2.259 eV and 2.282 eV decrease. The change of the Stark level emission
fine structure is related to the location of the Tb ions in the ZnS host. For low Tb fluences (≤ 2 ·
10−2 at.%), the majority of the Tb3+ ions is expected to be incorporated on a Zn lattice site with
nearly undisturbed surrounding, resulting in the sharp emission lines due to the similar crystal
field splitting for those ions. With increasing Tb content, a higher fraction of the implanted
Tb ions exhibit a stronger disturbed surrounding, as defects remain after annealing [310]. The
resulting broad emission bands originate from the superposition of several different surroundings
of the Tb ions, each leading to a different Stark level splitting [505].
The emission intensity of the 5D4→7F 5 transition was extracted from the survey PL spectra and
is plotted as a function of the Tb concentration above the high resolution PL spectra in figure 6.7
(d). The Tb emission intensity increases sublinear by a factor of 10 up to 0.2 at.% resulting from
a higher number of Tb centers contributing to the intra-4f emission. The deviation from a linear
increase originates from the concentration of the higher killer center, which are simultaneously
introduced by the ion implantation process and are expected to increase in the same manner
as the Tb concentration. The presence of killer centers/defects causes a less efficient excitation
of the Tb ions [505]. Additionally, the shrinking mean Tb-killer center distance enhances the
energy transfer rate resulting in a higher fraction of non-radiative de-excitation at killer centers.
The strong intensity decrease above 0.2 at.% is attributed to concentration quenching [546], as
the ions are spaced so close to each other, that fast non-radiative and resonant energy transfer
between Tb ions becomes more probable than radiative emission. This strongly promotes fast
de-excitation to killer centers, which explains the quenching of the radiative Tb emission [233]. A
similar behaviour was observed for ZnS:Tb thin films [505, 547], for which the optimum Tb con-
centration was also in the range of 0.2 - 0.4 at.% for excitation with photons above the ZnS band
gap, which fits well with the present results for ZnS:Tb nanowires. But the concentration for the
most intense Tb emission depended on the excitation [547]: For ZnS:Tb and ZnS:Tb,F films in
electroluminescence devices, the maximum emission intensity was observed for Tb concentrations
of 1 - 2 at.% [233, 488, 547, 548] and attributed to the different excitation mechanism (impact
excitation by hot electrons) [547]. Although a strong contribution of non-radiative de-excitation
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Figure 6.8: (a) PL survey spectra of a Tb doped ZnS nanowire ensemble at different sample temperatures.
The spectra shape of the Tb emission changed at elevated temperatures due to the fractional thermal
population of the Stark levels. The emission is broadened due to the increased interaction with phonons.
(b) The integrated intensity of the 5D4→7F 5 transition is plotted as a function of temperature. The
integrated PLE intensity is displayed in the same scale for comparison. (c) PLE spectra of a Tb implanted
ZnS nanowire ensemble at temperatures between 10 - 300 K. The ions can be directly excited via higher
Tb3+ levels, but also energy transfer from the ZnS host became important at lower temperatures. (d)
Scheme of the possible excitation pathways and assignment of the excited Tb levels.

by energy transfer is already present above 0.2 at.%, the excitation efficiency was determined
by the electron scattering length for hot electron excitation, which becomes too short for Tb
concentrations above 1 - 2 at.% [505].

6.4.4 Dependence on temperature and excitation of Tb ions

The influence of the sample temperature on the Tb luminescence of the implanted ZnS nanowire
ensemble was investigated on the range of 4 - 300 K. Figure 6.8 presents the PL survey spectra
of a doped nanowire ensemble with 0.2 at.% at excitation above the band edge. The sharp
Tb emission peaks, which are observed at low temperatures, broaden at elevated temperatures,
which can be attributed to an increased interaction with phonons [91]. At a close look to the
5D4→7F 5 transition, the spectral shape changed significantly as the Stark level transitions with
lower emission energies increased in intensity at elevated temperatures, while the intensity of the
high energy side declined. Due to the strong phonon interaction within the excited multiplet,
the fractional thermal population of the excited 5D4 Stark levels favored a population of lower
energetic excited levels [223].
The integrated intensity of the 5D4→7F 5 transition is plotted as a function of temperature in
figure 6.8 (b). The strongest emission intensity was detected at a temperature of 4 K. Increasing
of sample temperature to 70 K leads to an intensity decrease of ∼ 30%, but remains about
constant up to 150 K. A thermal quenching of the emission intensity down to 30% was observed
at room temperature, which is still a relatively weak quenching compared to e.g. RE elements
in ZnO nanowires [62].
The observed temperature dependence cannot be simply explained by a stronger de-excitation
due to an increased phonon interaction [91]. A similar temperature dependence was evaluated
for a ZnS:Tb thin film for excitation with photon energies above the ZnS band gap, but a
stronger Tb intensity decrease was observed for excitation below the ZnS band gap [549]. From
those results, it was concluded that the temperature behaviour is more related to temperature
dependent excitation efficiency than to thermal induced non-radiative de-excitation [505]. For
a deeper understanding of this phenomena, PLE spectroscopy of a Tb implanted ZnS nanowire
ensemble (0.2 at.%) was performed at sample temperatures between 10 - 300 K. The emission
intensity was monitored at the maximum of the 5D4→7F 5 transition at 2.26 eV as a function
of the excitation energy in the range of 2.48 - 4.7 eV. Several sharp peaks appear in the PLE
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spectra in figure 6.8 at energies between 2.56 eV to 3.65 eV, which are assigned to the direct
excitation of the 7F 6 to the 5D4 and 5D3 terms [505, 550–554]. The line width of the peaks
was broadened by the spectral bandwidth of the excitation source. The peaks at 2.63 eV and
2.91 eV do not match any transition from the 7F 6 level, but the energies fit to transitions from
the excited 7F 2 and 7F 4 to the 5D3 term determined from PL data. The peak at 3.65 eV is
attributed to the 7F 6→5D2 transition from comparison with the theoretical calculated energetic
positions of the upper levels [530]. Above 3.7 eV, the PLE intensity increased as broad band,
which can be attributed to the excitation of the ZnS host above the band edge [505, 554], followed
by energy transfer to the Tb ions and excitation 4f electrons [535, 546]. Several sharp peaks were
observed in this energy range, which could be assigned to direct excitations of the 5D1/0, 5HJ

from the 7F 6 ground term [530, 551, 554]. The assignment to the 7F 6→5F 5/4 transition at 4.41
eV and 4.53 eV is not completely conclusive, as the 5I8/7 levels have nearly the same energetic
spacing to the ground term and cannot be separated in the spectra [530]. A possible assignment
of the excitation pathways of the Tb3+ ions in ZnS nanowires is sketched in figure 6.8 (d). The
assignment of the upper Tb levels and the respective energies above 7F 6 ground term are listed
in the appendix in table B.12.
The presence of several excited Tb3+ terms above the the ZnS band edge explains the good
excitation efficiency for the Tb luminescence by excitation of the ZnS host and energy transfer
to the Tb ions [505]. In the case of cathodoluminescence, the Tb ions can be additionally excited
by inelastic scattering with hot electrons (impact excitation) [485, 488, 528, 546]. The excited
Tb 4f-levels exhibit a fast non-radiative de-excitation to the 5D3 and 5D4 [535, 546]. The strong
intensity of the 5D4 transitions for moderate to high Tb concentrations can be explained by a
cross-relaxation process [233, 234, 505], in which the 5D3 term decays fast to a high 7F J level,
followed by non-radiative energy transfer to a Tb ion in the surrounding. The acceptor Tb is
resonantly excited from the ground term to the 5D4, followed by radiative emission. This process
is possible due to the small energetic mismatch between the 5D3 ←→ 5D4 ∼ 0.7 eV and the 7F 0

←→ 7F 6 ∼ 0.71 eV terms [551]. The remaining energy mismatch can be bridged by phonons
[220, 221].
Resonant excitation via excited Tb terms is nearly independent on the sample temperature, as
observed from the PLE spectra in figure 6.8 (c). But a strong increase of the PLE contribution
above the ZnS band edge was observed for decreasing temperatures down to 150 K. The PLE
intensity remained about constant upon cooling down to 110 K and was further enhanced in the
temperature range of 70 - 10 K. The integrated PLE intensity is plotted in comparison to the
PL emission intensity in figure 6.8 (b). A similar temperature dependence is observed for both
excitation and emission of the 5D4→7F 5 transition. The intensity decrease of the PL emission in
the range between 4 - 70 K is probably related to an enhanced non-radiative de-excitation due to
the stronger interaction with phonons, while the excitation efficiency remained nearly constant
in this temperature range. Above 70 K, the PL and PLE intensity showed the same temperature
behaviour up to room temperature. This observation leaded to the conclusion, that the decrease
of the PL emission intensity is more related to the reduced excitation efficiency of the Tb ions
from the ZnS host rather than the non-radiative de-excitation in this temperature range [505].

6.4.5 Temporal decay of the Tb luminescence

ZnS nanowire ensembles dispersed on clean Si substrates were implanted with 1.4 ·1015 ions/cm2

and 1.4 · 1016 ions/cm2 Tb (nom. 0.2 and 2.0 at.%) and annealed at 600°C for 30 min in vac-
uum. The samples were investigated by TRPL spectroscopy using moderate excitation by 355
nm nanosecond pulses of a frequency-tripled Nd:YAG laser and sample temperatures between
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Figure 6.9: (a) The normalized PL spectra of the Tb3+ 5D4→7F 5 transition at different delay times
after the excitation show a red-shift of the emission peaks, caused by the de-excitation of higher stark level.
(b) The transients of the ZnS nanowires doped with 0.2 and 2 at.% Tb can be fitted using the modified
Förster model [9]. (c) Optical images taken by the TV camera of the µPL setup used for the TRPL
investigation of the microscopic ensemble. (d) Optical image of one single Tb implanted ZnS nanowire
aligned at the monochromator entrance slit. (e) The transients of the microscopic ensemble and the single
nanowire exhibit the decay as the macroscopic nanowire ensemble. Data published in [482, 483].

10 K and room temperature.
The Tb3+ 5D3→7F J (J = 6..4) transitions could be observed 50 ns after the excitation pulse
(not shown). The luminescence consists of a series of sharp peaks, which decayed very fast within
about hundred nanoseconds after the excitation. This very fast decay is probably related to the
cross-relaxation mechanism [233, 234] described above. This also explained the weak intensity
of the 5D3 transitions in the PL spectra at pulsed excitation. Using cw excitation, the intensity
of the 5D3 transitions was stronger due to constant re-excitation.
The 5D4→7F J transitions can be observed in a very long time range up to more than 10 mil-
liseconds after the excitation pulse. The emission spectra are comparable to the low temperature
steady state spectra presented in figure 6.8 (a). An equal decay behaviour was found for all 5D4

to 7F J transitions within the observed time range, meaning that the transition probabilities to
the 7F J multiplet are stationary and independent of time. The temporal decay was investigated
in detail for the most intense 5D4→7F 5 transition. High resolution spectra are compared at
different delay times after the excitation in figure 6.9 (a). The spectral shape of the emission
remains similar within the investigated time range, but a small red-shift of about 2.8 meV is
observed. This originates form the temporal depopulation of higher 5D4 Stark levels by acoustic
phonons [221, 222], thus lowering the emission energy.
The integrated emission intensity of the 5D4→7F 5 transition is plotted as a function of time in
figure 6.9 (b). The transient is described by a fast strongly non-exponential decay shortly after
the excitation pulse, resulting from the energy transfer from Tb ions to killer centers. The inten-
sity decrease follows a nearly single exponential decay at delay times above 2 ms, as only isolated
ions were present in this time range and contribute by spontaneous emission to the luminescence.
A radiative life time of the Tb ions was determined to τTb = 2.06 ± 0.12 ms for the 0.2 at.%
sample by fitting the decay with a single exponential function in the range of 2 - 10 ms. The
radiative Tb lifetime in ZnS nanowires is in reasonable agreement with the lifetime of Tb doped
ZnS crystals (τ ∼ 3 ms) [527] and Tb doped ZnS bulk samples (τ1/10 ∼ 1.15 ms) [552, 555].
The transient of the 0.2 at.% sample can be well described in the complete time range using the
modified Förster dipole-dipole transfer model (equation 6.1) assuming a defect line density of n
= 0.26 nm−1, which corresponds to a defect volume concentration of nbulk = 3.3 · 1016 cm−3.
This is actually a very low defect density for implanted ZnS nanowires [497] and reflects the high
crystal quality, as observed in the TEM investigations above. Nevertheless, the evaluated defect
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concentration marks the lower limit of the real defect concentration, because only those defects
are regarded, which act as an acceptor for the energy transfer (compare previous section 6.3).
The transients can be reasonably fitted with the determined defect line density for the low(high)
Tb concentration assuming a dimensionality of d = 1.8(2). A larger dimensionality has to be
employed compared to the fit of transients of Mn implanted ZnS nanowires of comparable mor-
phology and similar Mn concentration (see section 6.3 and [482]). Although the mean ion-ion
distance is equal, the smaller Förster radius of the Tb ions reduced the mobility of the excitation
energy in the Tb sublattice compared to the Mn sublattice [482]. This originated from the higher
shielding of the 4f- compared to 3d-electrons from the surrounding. The exact determination of
R0,T b is not exactly possible from these fits, as the Förster radius and the energy migration in the
Tb subsystem are not independent from each other. A smaller radius would cause a decreased
energy transfer rate, thus elongating the migration time τmigr. The Förster radius of Mn was
estimated as upper limit for the Tb case and a migration time of τmigr,Mn = 0.2 ms marked
the lower limit for the transient of the 2 at.% Tb nanowires [482]. The Tb Förster radius was
estimated to be within the small range of R0,T b = 4.6 - 4.85 nm using this assumptions. A
reasonable fit could be performed using migration times of τmigr,T b = 0.35 - 0.5 ms for 0.2 at.%
Tb concentration and τmigr,T b = 0.2 - 0.28 ms for 2 at.% Tb, respectively. The short migration
times compared to the determined radiative lifetime indicate the strong contribution of energy
transfer processes in the temporal behaviour. The good agreement of the experimental data with
the fit conclude that the modified Förster model is also applicable to describe the temporal decay
of Tb ions in ZnS nanostructures.
The TRPL measurements presented in this and the previous chapter are based on the investi-
gation of an macroscopic nanowire ensemble, from which the luminescence of about 102 - 103

nanowires was collected in the TRPL measurements. The parameters for the model were de-
termined by the statistics assuming a large number of luminescent ions. However, all kinds of
fluctuations may occur within these macroscopic measurements, like e.g. the arrangement of the
implanted ions and the killer centers in the nanowires. Possible dependencies on the nanowire
diameter are lost. Thus, TRPL measurements were performed on microscopic ensembles (∼ 10
nanowires) and even single nanowires in order to clarify, whether single nanowires exhibit an
identical or different temporal behaviour compared to the ensemble. A µPL setup was estab-
lished at the TRPL setup in Marburg similar to the µPL setup described in chapter 3.3.2. The
Nd:YAG laser beam was partially reflected by a beam splitter and focussed by a 60x microscope
objective onto the sample. The emitted luminescence was collected by the same objective, passed
the beam splitter and was imaged either on a TV camera or the spectroscopic TRPL detection
system. All µTRPL measurements were performed at room temperature. Figure 6.9 (c) presents
the TV image of a microscopic ensemble. The dotted frame marks the area on the sample, from
which the luminescence signal was collected. Depending on the nanowire density at the examined
spot, the microscopic ensemble contained about 10 - 20 nanowires. If the temporal decay would
be strongly determined by the individual properties of the nanowires, the random distribution
should induce differences between the microscopic ensemble measurements. The evaluated tran-
sients of a typical microscopic ensemble is compared to the macroscopic ensemble measured at
comparable excitation conditions in the standard TRPL setup in figure 6.9 (e). Although several
measurements have been performed on various microscopic ensembles, the evaluated transients
were always identical and very similar to the transient of the macroscopic ensemble within the
experimental errors. Additionally, a single nanowire could be investigated, which was aligned
parallel to the monochromator entrance slit, as shown in the optical image in figure 6.9 (d).
The luminescence intensity of the single nanowire was significantly less, so the temporal decay
could only be investigated for about 1.5 orders of magnitude in luminescence intensity. Again,
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the evaluated transient is identical to the microscopic and macroscopic ensemble. The temporal
decay of the Tb ions is therefore not determined by the individual nanowire properties. This
becomes clear by assuming a typical 100 nm diameter nanowire of 50 µm length, which was
doped with 0.2 at.% Tb. Already about 8 · 106 Tb ions are present in such a nanowire, which
make it clear, why all the different nanowires show the same temporal behaviour. The large
number of dopants already include all possible ion-ion and ion-killer center arrangements within
one single nanowire. The statistics of the luminescence decay is therefore independent on the
individual nanowire properties and already covered by each single nanowire [482].

6.4.6 Emission properties of single ZnS:Tb nanowires

The emission homogeneity of the Tb implanted ZnS nanowires was investigated using monochro-
matic CL imaging. Nanowires from the implanted ensemble were transferred by imprint to a
clean Si substrate and investigated at low temperatures. Figure 6.10 (a) presents the comparison
of the SEM and the monochromated CL emission observed at 2.26 eV with a bandpass of 0.1 eV.
The single ZnS nanowires showed intense CL emission. The ZnS defect emission at 2.38 eV was
significantly less intense (image not shown); therefore, it can be concluded that the observed CL
emission at 2.26 eV mainly originates from the Tb 5D4→7F 5 transition. Within the uncertainties
of the method, no inhomogeneities in the CL emission were observed from the implanted ZnS
nanowires; thus, a homogeneous Tb doping and optical activation was achieved.
The CL emission spectra of single Tb doped ZnS nanowires of different diameter taken at mod-
erate excitation power and low temperature are shown in figure 6.10 (b). Although the results
were not as obvious as for ZnO:Co nanowires, a trend was observed that the luminescence was
dominated by Tb intra-4f emission and only a low intense ZnS defect emission was present even
for nanowires up to 500 nm diameter. This observation was surprising, as a homogeneous Tb
doping was only present to 120 nm with a maximum ion range of 210 nm, so that even the
thinnest investigated nanowire (260 nm diameter) should not have been completely implanted.
The sputter yield was calculated to be in the order of 12 atoms/ion, which is significantly higher
due to the heavy mass of Tb compared to the transition metals. For the implanted Tb fluence
of 1.4 · 1015 ions/cm2 (nom. 0.2 at.%), the sputtering should result in the removal of about 8-10
monolayers, which corresponds to about 5 nm of ZnS. Thus, the sputter effect cannot induce a
significant thinning of the nanowires. A partial explanation is given by the electron voltage of 5
kV, which limited the penetration depth of electrons in ZnS to about 300 nm, thus mainly the im-
planted part of the nanowires was excited. But still does not completely explain the observation
of the strong Tb luminescence for thick nanowires, as a dependency on the nanowire diameter
would have been expected as for ZnO:Co nanowires. It is supposed that the excited carriers can
diffuse through the ZnS crystal at low temperatures and are bound to the Tb impurities much
more effective compared to the ZnO:Co system. This efficient energy transfer from the host was
already observed by the PLE measurements (compare figure 6.8 (c)). The carrier diffusion and
efficient energy transfer to the Tb ions can explain the observation at least for thinner nanowires.
As nanowires were transferred after the implantation, the implanted side is randomly orientated
to the electron beam. Due to the limited diffusion length, which is expected to be in the range of
a few hundred nanometers [94, 556], the carriers recombine before they reach the Tb implanted
part and are trapped by the impurities, explaining the increased contribution of the excitonic
emission in the CL spectra for thick ZnS nanowires.
The CL emission properties of one single Tb implanted ZnS nanowires (diameter ∼ 480 nm,
length = 9.3 µm, 0.2 at.% Tb) at different excitation powers are shown in figure 6.10 (c). The
integrated emission intensities are plotted as a function of the excitation power in figure 6.10 (d).
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Figure 6.10: (a) The comparison of the SEM and the monochromatic SEM image at 2.26 eV (5D4→7F 5)
shows the homogeneous intra-4f emission of the transferred nanowires. (b) CL spectra of single nanowires
show comparable emission features for the nanowires up to 500 nm diameter. (c) CL spectra of a single
ZnS nanowire (diameter = 480 nm, length = 9.3 µm) at different excitation powers. (d) The integrated
CL intensity of the ZnS defect and Tb 5D4→7F 5 emission shows a complicated power dependency.

At low excitation powers, the emission is dominated by the Tb intra-4f emission with a low in-
tense ZnS defect luminescence. The sharp emission peak at 2.37 eV is related to the luminescence
of an undetermined contamination, which solidified on the sample surface at low temperatures
(see SEM image in figure 6.10 (a)) and probably originated from the residual gas. The emission
intensity of the Tb and ZnS defect emission increases about linear with the excitation power up
to 3 W/cm2. At higher excitation, the ZnS defect emission increases more than linear, which
was observed in the spectra by the appearance of an additional band at 2.75 eV. The emission
energy suggests that the band is related to a self-activated (SA) defect center [497, 557]. The SA
band gained strongly in intensity above 30 W/cm2, while the Tb luminescence was quenched by
a factor of about 3 up to 100 W/cm2. At excitation powers above, the defect related emission
band at 1.8 eV raised relative to the Tb and SA defect emission at 2.75 eV and a linear intensity
increase of the ZnS defect and the Tb emission occurred up to 300 W/cm2. The Tb luminescence
saturated at higher excitation powers, while the ZnS defect emission ascended further linear.
The complicated emission behaviour of the Tb luminescence and the deviation of the otherwise
linear power dependence of the ZnS defect emission is probably linked to the self activated defect
emission band at 2.75 eV. Its occurrence could be related to the degradation of the ZnS nano-
wires induced by the intense electron beam due to the formation of defects in the ZnS matrix
[558–560]. The assumption is reasonable and can explain why reversible measurements were only
possible up to 3 W/cm2. The quenching of the Tb luminescence could therefore result from a
less effective excitation of the 5D4 term and energy transfer processes from excited Tb ions to
the self-activated center around 10 W/cm2 and above. After saturation of the band at about
100 W/cm2, the intensity of the Tb and the ZnS defect emission increased linear again with
excitation power.
The spectral shape of the Tb 5D4→7F 5 transition showed a strong dependence on the excitation
power. The intra-4f luminescence is characterized by two bands of sharp emission lines in the
range of 2.23 - 2.29 eV (compare figure 6.6 (c)) at low excitation powers. Increasing the power,
the Tb emission was blue-shifted and broadened due to an additional emission at 2.32 eV, which
can be attributed to the population of higher 5D4 Stark levels. The intensity increase of the 2.32
eV emission above 300 W/cm2 is correlated to the saturation behaviour of the Tb emission at
this excitation power. Due to the long lifetime of ∼ 2 ms, lower 5D4 Stark level are completely
populated, so that the additional excitation results in the stronger population of energetically
higher levels, which are not populated at low excitation powers. A similar blue-shift of the Tb
emission was observed for µPL measurements at 1 kW/cm2 cw excitation (not shown). However,
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the self-activated defect band did not occur in the µPL measurements even at higher excitation
levels, but the ZnS defect band at 1.8 eV was strongly enhanced and the Tb luminescence also
showed saturation effects, comparable to the CL measurements.

6.5 Summary

ZnS nanowires were successfully doped with desired Mn concentrations via ion implantation.
The Mn implanted nanowires exhibit a strong Mn intra-3d luminescence after annealing. The
temporal decay was examined by TRPL spectroscopy at low temperatures. The transients can
be described using a modified Förster model, which takes the nanowire geometry into account.
Three approaches were conducted to influence the defect density in the ZnS:Mn nanowires: 1)
implantation at elevated temperatures, 2) post-implantation annealing and 3) implantation of
additional Ne ions. In all three approaches, a faster decay of the Mn luminescence was observed,
which can be attributed to an enhanced non-radiative excitation of the excited Mn ions to killer
centers. The transients of all samples could be well fitted using the modified Förster model with
fixed parameter determined from the best recovered sample and adjusting only the defect line
density n. The experiments conclude that the modified Förster model describes correctly all
aspects of the temporal behaviour of Mn in ZnS nanowires.
Further on, ZnS nanowires were successfully doped by Tb ion implantation. A roughening of
the surface was observed for high ion fluences and the nanowires exhibit a polycrystalline lattice
structure. The crystal quality was significantly improved by annealing at 600°C in vacuum. A
weak Tb related luminescence was observed directly after implantation, which could be enhanced
by a factor of 100 due to the recovery of the ZnS lattice. The Tb luminescence could be assigned
to intra-4f transitions of the 5D3 and 5D4 to the 7F J multiplet. The Tb emission intensity
increased up to a concentration of 0.2 at.%, strong concentration quenching occurred above.
The intra-4f luminescence is most intense at low temperatures and shows only slight thermal
quenching up to room temperature. The temperature dependence is related to the different
excitation efficiencies by energy transfer from the ZnS host, which could be proven by PLE
measurements. The temporal decay of the Tb luminescence is non-exponential and faster for
high Tb concentrations. A Tb lifetime of τ = 2.06 ± 0.12 ms was extracted from the nearly
single exponential tail at long times after the excitation pulse. The transient can be successfully
described by the modified Förster model using a reduced Förster radius, which proves the general
applicability of the model for TM and RE implanted ZnS nanostructures. Microscopic ensembles
and single ZnS:Tb nanowires were investigated by TRPL and identical transients were observed.
One single nanowire therefore already exhibits the same temporal decay statistics as the nanowire
ensemble, which was attributed to the large number of dopant ions and related ion-ion and ion-
defect arrangements in the nanowire. The emission properties of single ZnS:Tb nanowires were
examined by CL spectroscopy. A strong and homogeneous Tb emission was observed at low
excitation powers. Power dependent measurements showed a quenching of the Tb intensity
above 10 W/cm2, which is related to non-radiative de-excitation and energy transfer to a self-
activated defect band. After saturation of the defect band at 100 W/cm2, the Tb luminescence
increased linear with power, but saturated at 300 W/cm2.
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Semiconductor nanowires exhibit unique optical properties, which are based on light emission,
strong light confinement and light amplification, possible by gain from the semiconductor ma-
terial and the resonator structure offered by the morphology of the nanowire. The combination
of these properties enables the realization of nanoscaled light sources with small footprint and
high spatially localized light emission. For the successful integration of nanowires into opto-
electronic devices, three key challenges have to be investigated: 1) The emission properties of
single nanowires have to be correlated to the morphology in order to determine the physical
size limits for efficient nanowire emitters. 2) The emission properties of the semiconductor na-
nowires have to be tailored by doping. Transition metals and rare earth elements are suitable
optical active impurities and offer extraordinary properties in the combination with nanowires.
3) The efficiency limiting processes, which result from the interaction of the nanowire and the
impurities with defects, have to be investigated and understood. As the nanowire interacts with
its surrounding, external influences have to be considered as well. This thesis reports on the
lasing properties and doping of semiconductor nanowires and the presented experiments address
all three key challenges. A µPL setup was developed, installed and established in the scope of
this thesis, which provides the technical base for the investigation of the optical properties of
individual nanowires.

The experiments on undoped ZnO and CdS nanolasers concentrate on the first key challenge in
order to uncover the emission properties of the individual nanowire and fundamental size limits.
ZnO and CdS nanowires were synthesized via the VLS mechanism. The structural properties of
the nanowires were investigated using electron microscopy techniques. The nanowires exhibit a
single crystalline structure and no extended defects were observed. The nanowires grow along
the [0001] axis of the respective wurtzite crystal phases. This could be unambiguously identified
for CdS nanowires by comparison of SAED patterns taken from selected directions of the crystal
lattice. The optical properties of single ZnO and CdS nanowires were investigated using µPL at
room temperature and moderate cw excitation. A saturation of the defect emission was observed
at low power densities, which points out the superior optical quality of the synthesized nanowires.
µPL measurements using pulsed excitation could observe a broad excitonic emission at moderate
power levels, yielding into amplified spontaneous emission by increasing the laser power. Sharp,
equidistant spaced peaks appear and dominate the emission at high pumping levels. The eval-
uated power dependency showed a linear increase in the moderate excitation regime, followed
by a super linear slope above, which is typical for amplified spontaneous emission. The power
dependence returned to a linear slope at high power levels, which is the definite proof for lasing
oscillations in ZnO as well as CdS nanowires at room temperature. The experimental data of the
respective power dependences were fitted using an analytic model for multi-mode lasers [360].
A threshold of 300 kW/cm2 was determined for ZnO nanolasers, which is in well agreement
with literature [51]. The threshold for CdS nanolasers was determined to be in the order of 10
kW/cm2, which is significantly lower compared to their ZnO counterparts. µPL measurements in
a "head-on" geometry were able to collect the direct emission from the CdS nanowire end facet
and allowed to judge the slope efficiency in the lasing regime to 5 - 10 %, which is also a higher
value compared to ZnO nanowires. Further on, the head-on µPL setup enabled the investigation
of the excitation polarization on the nanowire lasing. The mode spacing of the CdS nanolaser
emission verified the Fabry-Pérot type resonator. The lasing ability of CdS nanowires was cor-
related to their morphology in order to determine the physical size limites for CdS nanolasers.
No lasing oscillations occured in nanowires below 175 nm diameter independent of the length,
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which can be explained by the reduced light confinement at smaller diameters. For thicker na-
nowires, lasing was observed for nanowires longer than 7 µm, representing the minimum length
of the CdS nanowire cavity to achieve sufficient gain to compensate the losses. The results were
compared to size limits of ZnO nanolasers, leading to the conclusion that the lasing ability of
semiconductor nanowires is governed material properties (emission energy, refractive index and
material gain) and morphology (diameter, length and shape of facet ends). A strong influence of
the substrate was found on the emission properties of the nanowires. The choice of a low index
substrate (SiO2) could drastically reduce the leakage of the guided modes from the nanowires
into the substrate, which was found for CdS nanowires on Si by FDTD simulations. The com-
parison of the emission properties of ZnO and CdS nanowires could finally identify the origin of
the lower lasing threshold of CdS nanolasers as a combination of several factors: the reflection
was increased by the remaining Au calatyst dot attached to the end of many CdS nanowires,
which were missing for the majority of the ZnO nanowires. Additionally, CdS has larger exciton
bohr radius, so that the critical concentration of electron-hole pairs necessary to establish the
electron-hole plasma, which is expected to be the gain mechanism, is reached at lower pumping
powers in CdS nanolasers.
Future investigation should characterize the emission polarization of the nanolasers in the head-
on setup, which will help to determine the fundamental lasing modes in combination with FDTD
simulations. Modifications of the nanowire morphology (e.g. at deformed facet ends) could im-
prove the quality of the resonator and enable the tuning of the emission properties and lasing at
even lower thresholds.

The experiments on doping of ZnO nanowires by ion implantation with cobalt address the second
key challenge. The modification of the doped ZnO nanowires with the ion beam was investigated
using electron microscopy techniques and could be related to the interaction with the ion beam.
The nanowires experienced a roughening of the surface. Bending occurred due to the created
defects at high ion fluences. Nanowires in contact to the substrate suffer from enhanced sputter
effects compared to free-standing nanowires. The stoichiometric investigation of single Co im-
planted nanowires could verify the successful and homogeneous doping in desired concentrations.
Lateral resolved XAS spectroscopy could observe the good recovery of the crystal structure by
annealing. The Co2+ ions occupy Zn lattice sites in a nearly undisturbed surrounding for a
concentration of 0.3 at.%.
PL and CL spectroscopy prove the optical activation of the implanted Co ions after annealing.
Intense Co2+ intra-3d emissions were observed in the VIS and IR range. The 2E(G)→4A2(F)
transition at 1.88 eV showed the strongest intensity and was studied in detail. The Co ions
were excited via energy transfer from the ZnO host, but also near-resonant excitation is possible
with a high efficiency. The Co luminescence intensity increases for higher Co concentrations.
However, the crystal quality was significantly reduced at concentrations above 1 at.% due to the
creation of extended defects in the nanowire structure, which cannot be recovered by annealing.
An improvement of the Co emission intensity by one order of magnitude could be achieved by
adjusted annealing conditions and implantation at elevated substrate temperatures. The bend-
ing of the nanowires could be suppressed by implantation at 700°C, as the created defects can
recombine directly during implantation by enhanced dynamic annealing. The strong Co emission
was observed up to 150 K. Thermal quenching reduced the emission intensity at higher temper-
atures, but the Co2+ intra-3d emission is not completely quenched at room temperature. TRPL
measurements could determine a radiative lifetime of τCo ∼ 8 ns.
CL and µPL investigations on single doped nanowires show the dominant Co luminescence.
Monochromatic CL imaging proves the homogeneous impurity emission. The contribution of the
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ZnO to the nanowire emission was found to depend on the nanowire diameter in relation to the
ion range. Power dependent µPL investigation on a single doped ZnO nanowire showed a linear
increase of the Co emission intensity at moderate cw excitation. The diameter of the investigated
nanowire was below the critical diameter for efficient waveguiding, which could be observed for
doped nanowires with large diameters > 400 nm. Only a low intense Co2+ emission was detected
at µPL measurements using pulsed excitation, which is probably related to the short lifetime of
the Co ions.
The temporal decay of the Co ions in ZnO nanowires should be further investigated with a
TRPL system with better time resolution on nanowires with large diameters. Those measure-
ments should be performed as a function of the nanowire diameter and varying pump intensities
in order to detect gain mechanisms of the impurities by the shortening of the lifetime. The TRPL
measurements could be compared to equally prepared ZnO single crystals in order to judge the
influence of the nanostructure on the temporal decay of the impurity luminescence. Additional
investigation on the temporal coherence of the impurity emission by g(2)(τ) auto-correlation mea-
surements could be helpful to detect light amplification mechanisms of the excited impurities.
The realization of nanowire impurity LEDs could be performed by adding electrical contacts to
the doped ZnO nanowires and investigation of the electroluminescence properties.

The experiments on Mn implanted ZnS nanowires examine the interaction of Mn impurities with
defects and are directly related to the third key challenge. The temporal decay of the Mn ions is
influenced by the energy transfer between Mn ions (mean Mn-Mn distance) and the distance to
killer centers (defect concentration). An additional influence arises from the ratio of these lengths
to the nanowire diameter. The radiative Mn decay can be fitted using a Förster dipole-dipole
model [229], which was modified for 1D and 2D sample geometries [9]. The model could be
successfully verified for different Mn concentrations and ZnS nanostructure morphologies [183].
In the experiments presented in this thesis, the defect concentration is varied in a controlled
manner by three different approaches. The modified Förster model is tested for its ability to
describe the Mn-defect interaction. First, ZnS nanowires were implanted with different Mn flu-
ences in order to establish low and high doping conditions with minor and major energy transfer
in the Mn sublattice, respectively. After annealing, the radiative Mn decay was investigated by
TRPL and the experimental transients were fitted with the model. In the next step, the defect
concentrations in the ZnS nanowires were modified by a) implantation at elevated temperatures,
b) post-implantation annealing and c) additional implantation of Ne ions. The creation of de-
fects leaded to a faster decay of the Mn luminescence due to the non-radiative de-excitation of
Mn ions in all cases. The evaluated transients were fitted using the modified Förster model.
The fit parameter determined for the best recovered sample were fixed and only the defect line
density was varied to fit the data. In all cases, the model delivered a reasonable fit for the data.
This points out that the modified Förster model is capable to describe the Mn-defect interaction
correctly and could be experimentally verified for all fit parameters.

The experiments on implantation of ZnS nanowires with terbium display a second approach for
the key challenge of nanowire doping. The morphology of the implanted ZnS nanowires was
characterized by electron microscopy techniques. The crystal structure is polycrystalline after
the implantation, but the crystal quality could be improved by annealing. EDX measurements
verify the incorporation of Tb in the desired concentration.
Intense Tb intra-4f luminescence was observed from implanted and subsequent annealed ZnS na-
nowire ensembles. The emission peaks could be assigned to transitions from the excited 5D3 and
5D4 to the 7F J multiplet. The activation of the Tb ions in the ZnS nanowires was investigated
by annealing at temperatures between 200 - 700°C in vacuum. A strong Tb emission increase
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was observed after annealing above 400°C, which can be correlated to the recovery of the ZnS
lattice. The emission intensity could be increased by a factor of 100 after annealing at 600°C
compared to the as-implanted state. The ZnS nanowires dissolved at higher temperatures in vac-
uum. The terbium concentration was optimized in the range of 2 · 10−4 - 2 at.%. A sublinear PL
intensity increase was observed up to 0.2 at.%. Higher Tb concentrations yielded into a strong
concentration quenching of the luminescence. The temperature dependent emission intensity
was investigated in the range of 4 K to room temperature. Only a minor thermal quenching was
observed for the Tb luminescence. PLE measurements at different sample temperatures could
uncover the temperature dependent excitation efficiency for energy transfer from the ZnS host,
which explain well the temperature emission dependence. The temporal luminescence decay was
observed by TRPL measurements on ZnS:Tb nanowire ensembles. A strong non-exponential
decay occurred at short times after the excitation, which was determined by the interaction with
defects. From the nearly single-exponential tail at late times, a radiative lifetime of τTb = 2.06
ms could determined as only isolated ions contributed by spontaneous emission. The transients
of the 0.2 and 2 at.% Tb nanowire ensembles could be reasonably fitted using the modified
Förster model with a reduced Förster radius. The smaller interaction distance can be attributed
to the higher shielding of the 4f-electrons in the rare earth ions compared to the 3d-electrons
in transition metals. TRPL measurements were performed on microscopic ensembles and even
single doped nanowires to investigate, if the temporal decay depend on the properties of the
individual nanowire. The evaluated transients were in every measurement equal to the ensemble
measurement, which could be attributed to the high number of dopants present in one nanowire
at the chosen preparation conditions. CL measurements in single ZnS:Tb nanowires confirm a
homogeneous impurity emission. The emission characteristics of individual nanowires depend
on the ratio of the diameter to the Tb ion range. Although nanowires below 600 nm are not
completely implanted, the Tb emission dominated the CL spectra, which can be attributed to
the diffusion of excited carriers to the Tb impurity centers, pointing out the high efficient of the
energy transfer from the ZnS matrix into the Tb subsystem. A complicated power dependence
was observed for CL measurements on single ZnS:Tb nanowire. The deviations from a linear
dependence can be attributed to a self-activated defect center created by the irradiation with the
intense electron beam. Saturation of the Tb emission intensity was observed above 300 W/cm2.
The results of experiments on ZnS:Tb nanowires contain the optimization of the preparation
parameters and the conclusive characterization of the nanowire emission properties. In the next
step, ZnS:Tb nanowire based electroluminescence devices should be realized by adaption of the
concepts for thin film electroluminescence devices [233, 505].

The successful realization of nanoscaled light sources is linked to the understanding of the fun-
damental optical properties of semiconductor nanowires. This creates the need to investigate
the physical size limits and correlate the emission properties of the individual nanowire with
its morphology. The approaches for the doping of nanowires with suitable impurities have to
be developed and of the influence of defects on the emission efficiency needs to be investigated.
The experiments in this thesis address all the mentioned key challenges: The knowledge of the
physical size limits is crucial for the future integration of CdS nanolasers into devices. Doping of
semiconductor nanowires can be successfully achieved by ion implantation and subsequent an-
nealing using optimized preparation conditions, which enables to tailor the optical properties of
the nanowires. Time resolved PL spectroscopy was proven as a tool to investigate the interaction
of the nanowires and impurities with defects. The results of the experiments presented in this
thesis provide a valuable contribution for the future realization of nanoscaled light sources.
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A.1 Details of the cathodoluminescence setup
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Figure A.1: (a) Quantum efficiencies of the CL detectors. Data taken from Gatan Inc. [561]. (b)
Efficiencies of the dispersion gratings at 45° polarization (S- and P-component of the incident light have
equal intensity.) Data taken from Newport [562]. (c) The SEM electron beam current can be varied by
the spot size from below 0.01 to 100 nA. The relation between the spot size and the electron current can
be fitted using a simple exponential function.

The focussed electron beam of the JEOL JSM-6490 excites the sample. The luminescence light
is collected by a parabolic Al mirror (PM) from the focal spot (diameter ∼ 30 µm) and guided
by the retractable light guide to the detection system, as shown in figure 3.2 in chapter 3.3.2. A
long pass filter (F) can be inserted to block higher order diffractions. In panchromatic mode, the
luminescence intensity is detected by the photomultiplier as a function of the excitation position.
In monochromatic mode, the luminescence light is guided by mirrors (M) and focussed by a lens
(L) onto the monochromator entrance slit (S). A 1200 l/mm grating is installed as standard in
the 300 mm Czerny-Turner type monochromator, a second grating can be exchanged according
to the specific application. The spectrally dispersed light is detected by the photomultiplier or
CCD. Two photomultipliers are available: a peltier cooled GaAs photomultiplier provides high
sensitivity in the UV-VIS range (HSPMT, Hamamatsu R943, 200 - 900 nm). For investiga-
tions in the IR range, the light is detected by a liquid nitrogen cooled InGaAs photomultiplier
(IRPMT, Hamamatsu R5509-43, 300 - 1700 nm). Fast parallel acquisition can be performed
using the a back-illuminated peltier cooled CCD (Roper Scientific Spec-10, 200 - 1100 nm). The
quantum efficiencies of the detectors and the available gratings are shown in figure A.1. Further
properties of the gratings are listed in table A.1. The excitation intensity can varied by the beam
current, which is related to the spot size (SS) and the beam aperture of the SEM. An increase
of 5 in spot size is about a doubling of the electron current. The mid-sized aperture 2 is useful

Table A.1: Details of the available CL gratings.

Grating Grooves Blaze Coverage Dispersion Min. Resolution
[l/mm] [nm] on CCD [nm] [nm/mm] [nm] @ 20 µm Slit

Overview 150 300 567 21.6 1.08
NIR 600 800 134 5.03 0.27
IR 600 1600 134 5.03 0.27

VIS (Std.) 1200 500 60 2.7 0.14
UV HR 1800 250 34 1.8 0.09

http://www.gatan.com
http://gratings.newport.com.


Excitation depth in II-VI semiconductors 101

Figure A.2: (a) Absorption of photons in ZnO for excitation with different UV lasers. (b) Mean pen-
etration depth of electrons in ZnO as a function of the acceleration voltage simulated by CASINO. The
Kanaya-Okayama model [563] overestimates the penetration depth for small voltages. (c) Distribution of
the deposited energy of 10 keV electrons impinging on a 200 nm ZnO nanowire on Si.

for imaging, while the larger aperture 3 offers a factor of 10 higher beam currents at a reduced
SEM resolution. This allows a beam current variation within ∼ 10 pA (at SS 20, aperture 2) to
more than 100 nA (SS 90, aperture 3), as shown in figure A.1 (c). It has to be noted that the
available beam currents are highly dependent on the adjustment of the electron gun. The beam
current can be measured using the Faraday cup of the retractable beam blanker (Xenos XeBase)
and a pico-ammeter (Keithley 485).
Several improvements were installed to the commercial system: nitrogen venting of the monochro-
mator was installed to prevent condensation of water vapour on the CCD window. The thermo-
electric cooler of the CCD was converted to liquid cooling as the fan introduced strong vibration,
limiting the SEM performance. A long pass filter was installed to suppress the second diffraction
order and therefore allows investigations in a broader spectral range.

A.2 Excitation depth in II-VI semiconductors

II-VI semiconductors exhibit a strong absorption of photons with energies larger than respective
the band gap due to the creation of electron-hole pairs, which leads to limited excitation depth
of the laser light in the material. Assuming that the absorption follows the simple Lambert-Beer
law [566], nearly all of the incoming light is absorbed within the 300 nm of the semiconductor, as
shown in figure A.2 (a) for the example of ZnO. The excitation depth is in the typical range of the
nanowire diameters. The absorption coefficients at room temperature and the excitation depth
(at 99% absorption) are listed in table A.2 for common UV lasers used in photoluminescence
spectroscopy of II-VI semiconductors.
The excitation depth of hot electrons strongly depends on kinetic energy, determined by the
acceleration voltage of the electron gun. Upon penetration of the target, the electrons are de-
accelerated due to the interaction with the target electrons and nuclei in form of elastic and

Table A.2: Absorption coefficient and penetration depth of UV lasers in II-VI semiconductors at room
temperature.

Material Absorption coefficient α [105 cm−1] 99% absorption at depth [nm]
(Citation) @ 355nm @ 325nm @ 266nm @ 355nm @ 325nm @ 266nm

ZnO ([564]) 1.6 1.7 1.9 290 262 240
ZnS ([565]) 0.2 1.4 2.8 2300 330 165
CdS ([390]) 1.6 2.2 3.8 288 210 120
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inelastic scattering, thereby creating ∼ E/3EG electron-hole pairs per electron [291, 292]. The
penetration depth of the electrons in the semiconductor material therefore depends on their
kinetic energy E and can be estimated by Re =

(
0.0276A/(ρ · Z0.889)

)
E1.67 [563], with A being

the atomic weight, ρ is the material density and Z is the the atomic number. This empirical
formula developed by Kanaya and Okayama was found to be in good agreement with experimental
data for several semiconductors [291].
The penetration depth of electrons in ZnO was simulated in the energy range of 1 - 30 keV
using the Monte-Carlo code CASINO [293–296]. The mean as well as the maximum penetration
depth is plotted in figure A.2 (b) as a function of the acceleration voltage. The data follow the
Kanaya-Okayama model for high energies, but the model overestimates the penetration depth
at small energies. The distribution of the deposited energy was also simulated with CASINO
for 10 keV. The result is displayed for a 200 nm diameter ZnO nanowire on a Si substrate along
the nanowire axis in figure A.2 (c). At these conditions, the electrons deposit more than 85 %
of their energy in the nanowire. For the investigation of semiconductor nanowires with typical
diameters of 100 - 500 nm, an electron acceleration voltage of 5-10 keV is therefore a reasonable
choice.

A.3 Properties of the (micro-)photoluminescence setup

In the scope of this work, a (micro-)photoluminescence setup was developed and installed. The
concept includes a setup, which allows the investigation of single wide band gap semiconductor
nanostructures as well as the fast characterization of thin film semiconductors used for photo-
voltaics. The detection range should span from the UV (200nm) up to IR (1650nm) and sample
temperatures between 4 K to 300 K should be available. In addition, time resolved detection
down to ns resolution and a tunable light source for wavelength selective excitation complete the
setup.

A.3.1 Sample mounting and cooling

For investigations at room temperature, a sample holder can be mounted on a 3-axis stage (Thor-
labs LT3) with 50 mm moving range in every direction. Each axis is equipped with differential
screw drives, which allow a fast movement as well as high accuracy positioning with a resolution
better than 1 µm. A rotation stage (Thorlabs MSRP01) can be mounted on top, which allows
angle adjustment with a resolution better than 0.5°.
For investigations at low temperatures, the samples can be installed into a helium flow mi-
croscopy cryostat (Janis ST-500), which allows sample temperatures from 3.5 K up to 475 K.
The cryostat can be cooled using liquid helium (consumption ∼ 1 l LHe per hour @ 5 K) or
with liquid nitrogen (consumption ∼ 0.1 l LN2 per hour @ 80 K) with a temperature stability of
about 0.05 K. A rotary pump (Oerlikon Sogevac 10) introduces low pressure down to some mbar
in the system and draws the coolant from the reservoir through the cryostat. The coolant flow is
regulated using a fine valve installed at the LHe transfer tube, suitable pressures for the lowest
base temperature (3.3 K with LHe) were found at a pressure of 180 - 220 mbar in the system.
The cool down time from 300 K to 4 K is approximately 20 min, stable operation at a base
temperature below 4 K is reached after 15 min. The cryostat is equipped with a patron heater
in combination with a temperature controller (LakeShore 331), which allows software controlled
variation of the sample temperature between 4 K and 475 K. Heating from 4 K to 300 K can be
performed in ∼ 45 min.
For characterization of many or large samples, a macro sample holder (diameter 50 mm) is avail-
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able in combination with a large UV fused silica front window (3 mm thickness). Several holders
are available for a sample thickness up to 3.5 mm. For µPL measurements, a micro sample holder
(diameter 20 mm) can be used in combination with a microscopy UV fused silica window (0.5
mm thickness), which allows work distances of less than 2.0 mm. Several holders for a sample
thickness between 0.5 and 3.5 mm are available.
A 10 point electrical feed through is available for contacting samples inside the cryostat, thus
allowing electroluminescence measurements or characterization of LEDs and FET structures un-
der illumination. A sample holder with a 28 pin SMD PLCC chip socket was designed to fast
and reliable integration of pre-contacted samples.
The cryostat is mounted on a high precision 3-axis stage (Thorlabs LNR50DD), which provides
high stability and positioning with 50 mm movement range in each direction; therefore, every
position on the sample holders can be addressed. Each axis is equipped with differential drives
for fast position movement and high accuracy positioning with a resolution better 1 µm. Al-
though the cryostat and related parts introduce a vertical load of almost 10 kg, only negligible
position drift and angular tilt is observed.

A.3.2 Excitation sources

Several excitation sources are available to match the experimental conditions: a HeCd laser
(Kimmon IK3301R-G) emitting at 325.0 nm with 33 mW in single mode (TEM00) and a HeNe
laser (Polytec PL-750) emitting at 632.8 nm with 5 mW (TEM00) are available for continuous
wave excitation. A Nd:YAG laser (Innolas DPSS10-100) delivers nanosecond pulsed excitation
(pulse width FWHM 9 ns) at a frequency up to 200 Hz. The fundamental wavelength 1064 nm
(10 mJ) can be frequency doubled (532 nm, 5 mJ), tripled (355 nm, 2.5 mJ) and quadrupled
(266 nm, 0.7 mJ). The delay of the pocket cell as well as the hold-off voltage of the Q-switch
can be altered to adjust the pulse energy. The intensity of the laser beams can be further
attenuated using a λ/2 wave plate in combination with a Brewster window (Eksma 990-0071)
optimized for the specific wavelength. The attenuation range is variable between 200:1. External
synchronization of the laser with e.g. an intensified CCD camera can be established.
The lasers are mounted on an optical table and optical shielding suppresses stray light. The
laser beams are guided using flippable dielectric high power laser mirrors (reflectivity > 99.5 %)
onto a Pellin-Broca UV fused silica prism, which disperses the desired wavelength under an exit
angle of 90° towards the incoming direction. Other wavelength (e.g. from higher harmonics)
are blocked by the iris aperture. The laser beam is aligned to pass trough two iris apertures,
therefore every wavelength can be delivered at the same laser beam axis. Switching between
different wavelength is performed by turning of the Pellin-Broca prism and re-adjustment of the
mirrors, which can be typically performed in less than 10 min. The intensity of all lasers can be
adjusted by reflective neutral density filters in a filter wheel. The range spans more than eight
orders of magnitude (around hundred pW up to tens of mW).
A tunable excitation source is provided by a 75 W Xe high pressure lamp, which is mirror coupled
to a 200 mm monochromator (Optical Building Blocks Tunable PowerArc Illuminator, f/4). The
system is computer controlled and provides light in the range between 250 to 1000 nm. Two
1200 l/mm gratings optimized for UV (blaze 300 nm) and VIS (blaze 500 nm) are available. The
minimum bandwidth is 0.25 nm at 20 µm slit with maximum power of 5 µW/nm at 470 nm.
The highest output power of 5 mW at 470 nm is achieved at 10 nm bandwidth (5 mm slit). The
tunable light source can be coupled to a 900 µm UV-VIS optical fiber and focused by a spherical
lens onto the sample.
For on-line power monitoring, an uncoated UV fused silica beam splitter (Reflection ∼ 8 %)
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Figure A.3: (a) Quantum efficiencies of the PL detectors. Data taken from Princeton Instruments
[567]. (b) Efficiencies of the dispersion gratings at 45° polarization (S- and P-component of the incident
light have equal intensity.) Data taken from Newport [562].

can be inserted into the laser beam. The intensity of the reflected beam is determined by a Si
photo diode (Thorlabs S130VC, 200-1100 nm, 1 nW - 50 mW cw) suitable for cw and low power
pulsed lasers (up to a mean power of 2 µW). A thermopile sensor (Thorlabs S302C, 190 nm - 25
µm, 10 µW - 2 W) is available for high power pulsed lasers. Both sensors are monitored using
the Thorlabs PM100USB module on the computer. Higher laser powers can be measured using
neutral density filters in front of the sensors.

A.3.3 Detection hardware

The luminescence light is focussed by a 150 mm lens (f/6) onto the 500 mm Czerny-Turner
imaging monochromator (Princeton Instruments SP-2500i, f/6.5), which is equipped with two
entrance ports. This enables two different experiments to use the same detection hardware with-
out re-arrangement of optical equipment. Both ports provide a full software controlled filter
wheel (6 positions), entrance slit (5 µm - 12 mm, 5 µm step), mechanical shutter as well as
internal switching between the ports via a movable mirror. The luminescence light is dispersed
at one of the three dispersive gratings on the installed turret and focussed by a toroidal mirror
onto the detector. Two grating turrets are available, turret 1 optimized for UV-VIS operation
and turret 2 for NIR and ultra-high resolution VIS. The efficiencies of the installed gratings are
shown in figure A.3, further details are listed in table A.3.
A liquid nitrogen cooled (-120°C) front-illuminated CCD camera (Princeton Instruments Spec-
10:256E/LN, open electrode chip) is installed at the front exit port. The open electrode CCD
chip offers light detection sensitive 200 - 1100 nm with a peak quantum efficiency of 55 %. Al-
though this sensor type offers lower quantum efficiencies compared to back-illuminated devices,
it is completely free of the etalon effect. Etaloning causes a modulation of the light intensity
due to thin film interference effects on the back-thinned chip, and thus allows disturbance free
recording of spectra over the complete sensitivity range.
This camera can be exchanged to an intensified CCD camera (iCCD, Princeton Instruments
PI-MAX 3), which allows time-resolved recording of luminescence spectra. The detector (18 mm
Gen2 intensifier, photocathode RB fast) is sensitive between 200 - 900 nm (Peak QE 16 %) with
a minimum gate width of 2.7 ns. The software controlled build-in timing generator allows pulse
series from ns to ms with a timing accuracy of 40 ps and an insertion delay of 27 ns. External
synchronization to a pulsed laser is available. The intensifier is capable of up to 5 MHz aquisition
rate and is therefore suitable in combination with high repetition lasers.
On the side exit port, a liquid nitrogen cooled (-100°C) InGaAs array detector (Princeton instru-

http://www.princetoninstruments.com
http://gratings.newport.com.
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Figure A.4: The resolution of the PL de-
tection system was measured by the FWHM
of the 576.960 nm and 579.066 nm emis-
sion of the Hg calibration lamp using dif-
ferent gratings and the CCD detector (20
µm slit). A minimum resolution of 0.059
nm (0.18 meV at 579 nm) can be achieved
with the 1800 l/mm grating.

ments OMA V:1024-1.7) is mounted for light detection in the NIR (800 - 1700 nm). The 1024
pixel array has a peak QE of 85 %. The quantum efficiency curves for the decectors are shown
in figure A.3. A movable mirror is used to switch between the detectors.
All functions of the monochromator and the detectors are controlled a the Winspec acquisition
software, which also allows step&glue acquisition as well as gluing of recorded spectra. More
accessories for the monochromator are available, e.g. a combined Hg/Ar and Ne calibration lamp
which can be directly attached to the side entrance of the monochromator. Further on, this port
can be reassembled with a fiber connector, which includes a mirror based f-matcher for maximum
collection efficiency without chromatic abberations.
The spectral resolution of detection was determined by detection of the 579.066 nm emission
line of the Hg calibration lamp with the CCD camera at 20 µm slit width (figure A.4). The
integration time was adjusted to achieve comparable signal intensities. The resolution was deter-
mined by fitting the 579.066 nm emission line with a Gaussian function and evaluation of the full
width at half maximum (FWHM). The minimum resolutions using the 1800 lines/mm grating
was determined to 0.059 nm, which equals 0.18 meV at the used emission wavelength. For higher
wavelength, the energetic resolution is even better. The observed minimum resolution for each
grating is listed in table A.3.

Table A.3: Properties of the available dispersion gratings on the UV-VIS optimized turret (1) and the
IR optimized turret (2). The resolution was determined using the Hg calibration lamp emission line at
579.066 nm and 20 µm slit width.

Turret Grooves Blaze Coverage Dispersion Min. Resolution
[l/mm] [nm] on CCD [nm] [nm/mm] @ 20µm Slit [nm]

1 150 500 350 13.1 0.67
1 400 550 120 4.7 0.24
1 1200 300 40 1.5 0.08

2 150 1250 350 13.1 0.67
2 900 Holo-IR 50 1.9 0.09
2 1800 500 24 0.9 0.05





Properties of the (micro-)photoluminescence setup 107

a pair of uncoated UV fused silica provides the largest transmission range from 200 - 1700 nm.
The anti-reflex coated BK7 lens pair maximizes the throughput in the VIS range (350 - 800 nm).
The focusing and chromatic abberation can be enhanced using a NUV achromat lens instead of
the f = 150 mm BK7 lens. For NIR investigations, a set of NIR anti-reflex coated achromats
(800 - 1700 nm) performs best. A set of six longpass filters in the filter wheel in front of the
monochromator entrance suppresses the laser beam or second order diffractions. A list of the
available filters is given in table A.4.

A.3.5 Micro PL setup

The micro-photoluminescence setup described in chapter 3.3.2 works like a epifluorescence mi-
croscope. The scheme is displayed in figure A.5 (b). A UV fused silica plate beam splitter
(Transmission/Reflection 80/20 between 250 - 400 nm) splits the laser beam and the reflected
part is focussed by a microscope objective onto the sample. Good focusing of the laser beam
results at a laser spot of < 800 nm in diameter for a 100x objective and up to 5 µm for a
15x objective. A list of the available objectives and their properties is given in table A.5. The
luminescence light is collected by the same objective, passes the beam splitter in transmission.
The reflected laser can be suppressed by a longpass filter in the beam path behind the beam
splitter. A UV enhanced Al mirror guides the luminescence on a monochromatic TV camera
(Watec WAT-120N+). The microscope image is displayed on a small CRT monitor and can be
captured by a video grabber. A white light source (Thorlabs OSL1) can be coupled into the light
path by an uncoated UV fused silica beam splitter (Transmission/Reflection 90/10 between 200
- 1700 nm). This allows illumination of the sample for focusing and sample positioning, similar
to a bright field microscope. Using dimmable self-built LED ring, dark field illumination can be
realised, which is sometimes better suited for the investigation of small nanostructures.
Flipping apart the mirror in front of the TV camera, the luminescence light guided by another
mirror and focussed on the front entrance slit of the monochromator. The main advantage of this
configuration is that the possibility to adjust the same point in the center of the TV camera and
at the entrance slit of the monochromator. This allows fast switching between optical imaging
and spectral data collection from the same sample position. In addition, the mirror allows a fine
shift of the microscope image on the entrance slit without the need of mechanical repositioning of
the sample. The sample image on the CCD detector can be shifted with an accuracy better than

Table A.5: Details for the microscope objectives available at the µPL setup.

Manufacturer Type Magnification NA WD [mm] Transmission [nm]

Newport(UV,C) Reflective 15x 0.40 20.3 200 - 2000
Newport(UV,C) Reflective 36x 0.52 10.4 200 - 2000
Zeiss(355,C) Refractive 10x 0.25 ∼ 6 400 - 800
Zeiss(355,C) Refractive 15x 0.30 ∼ 5 355 - 800
Zeiss Refractive 25x 0.50 < 2 400 - 800
Zeiss Refractive 40x 0.65 < 1 400 - 800
LOMO(355) Refractive 40x 0.75 < 1 355 - 800
Zeiss Refractive 63x 0.80 <1 400 - 800
LOMO(355) Refractive 90x 1.25 <1 355 - 800
Zeiss Refractive 100x 1.30 <1 400 - 800
Mitutoyo(C) Refractive 100x 0.52 13.0 480 - 1700
(UV )Objective suitable for 266 and 325 nm UV laser. (355) Objective suitable for 355 nm laser. (C)

Objective suitable for cryostat.
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Figure A.7: (a) Optical image of the defocussed laser spot using the 40x refractive objective. The spot
has ∼ 25 µm diameter. The intensity is plotted by the colour scale. The inset shows the focussed laser
spot at equal scale for comparison. (b) The line profile of the defocussed spot (marked in (a) as red line)
reveals a relatively homogeneous intensity around the main peak. (c) Defocussing the laser beam using the
36x reflective objective results in an inhomogeneous intensity profile. The small inset shows the focussed
spot. A slight tilt of the laser beam provides a more homogeneous spot profile (top image).

mm UV fused silica plano-convex lens in the laser path (see figure A.7 (a)). The defocussed laser
spot is variable between 15 - 25 µm in diameter and allows a more homogeneous excitation of a
complete nanowire, which increases the damage threshold. The intensity distribution is in first
approximation an Airy disk for good focus conditions. A line plot of the intensity distribution is
shown in figure A.7 (b). Unfortunately, defocussing is not available for reflective objectives, as
the secondary mirror blocks the central ray path (for details see [302]). This results in a strongly
inhomogeneous defocussing of the spot (figure A.7 (c)). Alternatively, the laser beam can be
slightly tilted off-axis by the beam splitter (upper inset of figure A.7 (c)).

A.3.8 Polarization dependent measurements

The lasers offer a polarized excitation source, which can be used for polarization dependent exci-
tation measurements. The polarization axis of the 355 nm and the 325 nm laser can be rotated
using a λ/2 wave plate (Eksma, low order at 355 nm), as it is used e.g. in the Head-On setup.
The polarization ratio for the S- and P-component for the 355 nm Nd:YAG was analyzed after
the wave plate using a Glan-Thompson polarizer (10 x 10 mm2, transmission 350 - 2000 nm),
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Figure A.8: (a) The polarization axis of the 355 nm laser was rotated by the λ/2 wave plate and the
transmitted laser power determined behind the Glan-Thompson polarizer. (a) The data follow the expected
sin2-dependency. (b) The maximum polarization ratio is 100:1.



110 Properties of the luminescence setups

which offers an extinction ratio of 105 : 1. Wave plate and polarizer were aligned to maximum
transmission and the power of the transmitted laser beam was measured by the Si photo diode as
a function the rotation angle of the wave plate. The data shown in figure A.8 follow the expected
sin2-dependency. The maximum polarization ratio was determined to 100 : 1, which is limited
by the polarization of the laser and the dynamic range of the photo diode.
Polarization sensitive emission measurements can be performed using the Glan-Thompson po-
larizer. The extra-ordinary ray is transmitted while the ordinary ray is blocked. In order to
exclude corruptions of the PL signal intensity due to the polarization sensitive gratings in the
monochromator, a λ/4 wave plate (Eksma, low order at 515 nm) is inserted into the beam path.
The polarized PL signal is converted to circular polarization at an wave plate angle of 45° towards
the polarizaiton axis, which eliminates disturbing effects of the detection hardware.

A.4 Marker substrates for µPL investigations

Figure A.9: Scheme of the coor-
dinate system of the marker sub-
strates produced by photolithogra-
phy. The upper left corner is
marked with two digits marking
the field number. The corner
squares have 100 µm egde length,
the border squares 40 µm and
the smallest squares 10 µm edge
length.

The investigation of single nanowires using different methods
brings the need for a reliable and reproducible relocation of the
nanowire position. An elegant solution is the introduction of
a coordinate system using markers on the sample substrates,
which were introduced within the scope of this thesis. UV pho-
tolithography in the cleanroom of the IFK was used to copy
the marker structures from the lithography mask to the pho-
toresist covered substrates. Details for the lithography process
are given in [271, 568]. After the lithography steps and devel-
oping of the structures, metals (Ti and/or Au) were electron
beam evaporated onto the substrates forming the markers. The
photoresist was finally removed in a lift-off process leaving the
metal markers and a clean surface behind. Ti proved to give a
sufficient contrast in the optical microscope, while the contrast
in the SEM was rather poor. An Au film provides a better
contrast in the SEM, but decomposes to droplets if the sample
should be annealed after nanowire transfer.
The markers are rectangular structures of 1000 x 1000 µm2 as
schematically shown in figure A.4, an optical image is presented

in figure A.6. The upper left corner is marked with a two digit number for the identification of
the field. Inside each field, a system of corner and border squares (100 and 40 µm edge length)
as well as smaller squares (10 µm edge length) and "T"-shaped structures in combination with
numbers (1 - 5) provide an precise coordinate system which was proven to work for a repro-
ducible relocation of single nanowires. In addition, the marker structures can be used for a scale
calibration of the optical microscope.
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Figure B.2: (a) Double logarithmic plot of the calculated (homogeneously broadened) intensity of a
multimode laser system [361] as a function of the gain/loss ratio for different x0 values. (b) The model
displays at x0 = 0.01 the typical laser emission characteristic with a strong linear intensity increase above
the threshold. (c) The steepness of the kink at the lasing threshold (gain/loss = 1) increases for smaller
x0 values.

emission intensity, is given by

xt =
r(1 + x)−1x0

[1− r(1 + x)−1]1/2
(B.1)

including the parameter r as the ratio of gain to loss per resonator cycle. x0 determines the
fraction of spontaneous emission in the lasing emission. The parameter x is determined for every
value of r by an implicit relation (equation B.2), which is valid for the assumption that the mode
spacing of the longitudinal modes is small against the width of the gain profile. This condition
is fulfilled for nanowire lasers.

x = x0

[(
1 + x

1 + x− r

)1/2

− 1

]
(B.2)

The overall intensity xt is plotted as a function of the gain/loss ratio r for different x0 values.
From the double logarithmic plot in figure B.2 (a), it can be seen that x0 = 1 presents the case of
pure spontaneous emission. The emission intensity scales purely linear with the gain/loss ratio.
Smaller x0 values correspond to less spontaneous emission in the output laser emission, the slope
is therefore stronger s-shaped with a more pronounced kink at a gain/loss ratio r = 1. Figure
B.2 (b) presents the calculated dependency for x0 = 0.01 in linear scale. The curve follows the
typical laser output intensity which is characterized by a strong increase of the emission intensity
above the threshold. Figure B.2 (c) displays the dependency around gain/loss = 1 for different
x0 values.

B.3 Simulation of the CdS nanowire waveguide

To gain further insights into the waveguide properties, a CdS nanowire (refractive index n =
2.76 at 515 nm [110]) surrounded by air (n = 1) was modelled with a spherical cross section
of 500 nm diameter in three dimensions by Robert Buschlinger from the group of Prof. Ulf
Peschel at the MPI for the physics of light, Erlangen. A Gaussian shaped excitation profile was
employed for the simulation. The distribution of the electric field component and its intensity
was calculated by solving the Maxwell equations using finite-difference time-domain (FDTD)
codes of the software package Lightwave. Figure B.3 (a) shows the distribution and intensity
of the electric field in a CdS nanowire with a length extended to infinity by periodic boundary
conditions. The spherical symmetry of the CdS nanowire is reflected by the equal electric field
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Figure B.3: (a) Visualization of the FDTD simulation of a CdS nanowire (d = 500 nm) surrounded
by air with length extended to infinity showing the distribution of the electric field component and it’s
intensity in the xz and yz plane. (b) The facet end at z = 0 µm breaks the symmetry, leading to partial
reflection of the guided electromagnetic field and interference of the reflected with the incoming field.

distribution in the xz and yz plane. The electric field is completely confined in the nanowire,
pointing out it’s excellent properties as optical waveguide. Several modes are excited and guided
at a nanowire diameter of 500 nm, which is reflected by the intensity distribution.
In figure B.3 (b), one open facet end at z = 0 µm is included in the simulation, which breaks
the symmetry along the x direction. The electric field partially expands as evanescent field up
to 500 nm into the surrounding air while it’s intensity decreases strongly outside the nanowire.
The difference of the refractive index between the CdS nanowire and the surrounding medium
leads to a partial reflection of the incoming electric field. The reflected field interferes with the
incoming field, as it can be observed from the intensity distribution.
The modelling of the nanowire in three dimensions allows the simulation of all relevant situations
influencing the nanowire waveguide properties. The calculation of the polarization the electric
field and the reflectivity at the nanowire end e.g. as a function of the diameter can be easily
calculated by a post procession step using the results from the FDTD simulation. This will allow
the identification of the guided modes in smaller diameter CdS nanolasers. The model is capable
to simulate the absorption properties for different polarizations, which will help to gain a deeper
understanding of the physics of the excitation of nanowire laser. Further on, the influence of
different substrates can be investigated, as it was shown in chapter 4.3.3 for a CdS nanowire on
a Si substrate. In addition, a gold cap can be included at the nanowire facet end to study the
influence of the remaining Au catalyst dot on the waveguide properties, as this is expected to
increase the reflectivity at the nanowire facet end.

B.4 Material parameter used for ion implantation simulation

Table B.1: Values and parameter of ZnO and ZnS used for SRIM and iradina simulations.

Property ZnO ZnS

Density [g/cm3] 5.61 4.01
Molar weight [g/mol] 81.39 97.46
# of atomic species 2 2
# atoms in 1 cm3 8.30 · 1022 4.95 · 1022

Displacement energy [eV] 18.5 (Zn), 44.1 (O) from [343] 9.7 (Zn), 15.4 (S) from [573]
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B.5 Near band edge recombinations in ZnO

Table B.2: Emissions due to recombinations of free and bound excitons in the near band edge emission
of ZnO. The donor bound exciton transitions (D0X) are labelled by the common Ix assignment. ∗ labels
ionized donor bound exciton transitions (D−X). AX labelled acceptor bound exciton transitions, DAP is
used for donor-acceptor-pair transitions. TES names two-electron-satellite transitions. The energy of the
longitudinal optical (LO) phonon is 71.9 meV [98].

Recombination Energy Wavelength Binding Origin Citation
[eV] [nm] energy [meV]

Band edge 3.4376 360.671 [106]
AL 3.3772 367.151 Longitudinal free A-exciton [99]
AT 3.3759 367.263 Transversal free A-exciton [99]
I0 3.3725 367.662 [102, 317]
I1 3.3718 367.709 Ga [574]
I1a 3.3679 368.165 [102, 317]
I∗2 3.3674 368.190 [102, 317]
SX 3.3670 368.263 Surface exciton [179, 320]
I∗3 3.3665 368.288 [102]
I3a 3.3660 369.030 37 Zni [102]
I4 3.3628 368.723 46.1 H [102]
I5 3.3614 368.877 [316]
I6 3.3608 368.942 51.6 Al [316]
I6a 3.3604 369.030 53 Al [316, 317]
I7 3.3600 369.030 [316]
I8 3.3598 369.052 54.6 Ga [317, 574]
I8a 3.3593 369.360 [574]
I9 3.3567 369.393 63.2 In [316, 317]
AX 3.3550 369.580 [575]
I10 3.3531 369.790 72.6 [316]
I11 3.3484 370.309 [316]

ADX (Y) 3.3330 372.020 Structural defects [102]
TES (I6) 3.3200 373.476 [102, 324]
AX/DAP 3.3150 374.010 Acceptor = Na or Li [576, 577]

A,e 3.3100 374.605 Free electron - acceptor [577]
TES (I9) 3.3064 374.982
FX-1LO 3.3052 375.149
DX-1LO 3.2880 377.111

TES (I6) -1LO 3.2480 381.755
FX-2LO 3.2332 383.503
DAP 3.2300 383.883 Acceptor = N [316]

DX-2LO 3.2160 385.554
TES (I6) -2LO 3.1760 390.410

FX-3LO 3.1612 392.238
DAP-1LO 3.1580 392.635
DX-3LO 3.1440 394.383
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B.6 Near band edge recombinations in CdS and ZnS

Table B.3: Emissions due to radiative recombinations of free and bound excitons in the near band
edge emission of CdS. The donor bound exciton transitions (D0X) are labelled by I2. ∗ labels ionized
donor/acceptor bound exciton transitions. The acceptor bound excitons (AX) are I1. The energy of the
longitudinal optical (LO) phonon is 37.8 meV [578].

Recombination Energy [eV] Wavelength [nm] Citation

FXC 2.6290 471.602 [369]
FXB 2.5680 482.804 [369]
I2B 2.5626 483.822 [121]
I2B 2.5600 484.313 [369]
Y 2.5521 485.820 [121]
X 2.5513 485.970 [121]
I1B 2.5504 486.136 [121]
FXA 2.5500 486.212 [369]
I3 2.5499 486.231 [121]

I1B∗ 2.5491 486.376 [121]
I1B 2.5489 486.428 [121]
I2 2.5471 486.766 [121]

SX / I3 2.5460 486.976 [579]
I2 2.5430 487.551 [369]
I1 2.5360 488.906 [121]
I1a 2.5330 489.476 [369]
I1 2.5310 489.862 [369]

I2B - 1 LO 2.5230 491.416 [369]
FX - 1 LO 2.5122 493.528 [369]
DX - 1 LO 2.5052 494.907 [369]
I1a - 1 LO 2.4952 496.891 [369]
I1 - 1 LO 2.4932 497.289 [369]

D,h 2.4770 500.542 [369]
FX - 2 LO 2.4744 501.068 [369]
DX - 2 LO 2.4674 502.489 [369]
I1a - 2 LO 2.4574 504.534 [369]
I1 - 2 LO 2.4554 504.945 [369]

Y 2.4440 507.300 [369]
I1 - 3 LO 2.4176 512.840 [369]
DAP1 2.4140 513.605 [369]
DAP2 2.3970 517.247 [369]

DAP1 - 1 LO 2.3762 521.775 [369]
DAP2 - 1 LO 2.3592 525.535 [369]
DAP1 - 2 LO 2.3384 530.209 [369]

Table B.4: Emissions due to recombinations of free and bound excitons in the near band edge emission
of ZnS. The energy of the longitudinal optical (LO) phonon is 43 meV [126].

Recombination Energy [eV] Wavelength [nm] Citation

FXw 3.872 320.207 [106]
DX∗ 3.82 324.566 [507]
FXc 3.82 324.566 [123]

DX (I2) 3.78 328.001 [122, 507, 508]
AX 3.73 332.397 [122, 507, 508]
A,e 3.66 338.755 [122, 508]
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B.7 Details for Co implanted ZnO nanowires

Ion energy Fluence
[keV] factor

380 1.00
200 0.26
105 0.17
40 0.08

Figure B.4: Superposition of the Co implantation profiles calculated by SRIM (a) and iradina (b).
Table B.5: Ion energies and fluence factors for Co implantation in ZnO nanowires.

Table B.6: Implantation and annealing parameter of Co implanted ZnO nanowire samples.

Sample Energy Implantation tot. Fluence nom. Conc. Annealing
[keV] T [°C] [ions/cm2] [ at.%]

Co005 40-380 RT 7.75 · 1014 0.05 750°C 120min Air
Co01 40-380 RT 1.55 · 1015 0.10 750°C 120min Air
Co025 40-380 RT 3.88 · 1015 0.25 750°C 120min Air
Co05 40-380 RT 7.75 · 1015 0.5 750°C 120min Air
Co1 40-380 RT 1.55 · 1016 1.0 750°C 120min Air

Co1HT300 40-380 300°C 1.55 · 1016 1.0 700°C 30min Air
Co1HT500 40-380 500°C 1.55 · 1016 1.0 700°C 30min Air
Co1HT700 40-380 700°C 1.55 · 1016 1.0 700°C 30min Air

Co2 40-3800 RT 3.10 · 1016 2.0 750°C 120min Air
Co4 40-380 RT 6.20 · 1016 4.0 750°C 120min Air
Co8 40-380 RT 1.24 · 1017 8.0 750°C 120min Airr
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B.8 Details for Mn implanted ZnS nanowires

Ion energy Fluence
[keV] factor

380 1.00
160 0.28
65 0.12
20 0.05

Figure B.5: Superposition of the Mn implantation profiles calculated by SRIM (a) and iradina (b).
Table B.7: Ion energies and fluence factors for Mn implantation in ZnS nanowires.

Table B.8: Implantation and annealing parameter of Mn implanted ZnS nanowire samples.

Sample Mn conc. [ at.%] Implantation / Annealing Ne [Ions/cm2]

Mn2HT400 1.4·10−3 Hot implantation 400°C none
Mn2HT500 1.4·10−3 Hot implantation 500°C none
Mn2HT600 1.4·10−3 Hot implantation 600°C none
Mn2Ta550 1.4·10−3 Annealing 400°C - 550°C none

Mn2Ne5 1.4·10−3 Annealing 600°C 4.47·1011

Mn2Ne6 1.4·10−3 Annealing 600°C 8.47·1011

Mn2Ne7 1.4·10−3 Annealing 600°C 4.38·1012

Mn2Ne8 1.4·10−3 Annealing 600°C 8.47·1013

Mn2Ne9 1.4·10−3 Annealing 600°C 4.38·1013

Mn2aHT600Ne5 2.0·10−3 Hot implantation 600°C 4.47·1011

Mn2aHT600Ne7 2.0·10−3 Hot implantation 600°C 4.38·1012

Mn2aHT600Ne9 2.0·10−3 Hot implantation 600°C 4.38·1013

Mn2aHT600Ne10 (Ne5) 2.0·10−3 Hot implantation 600°C 1.45·1014

Mn2aHT600Ne11 (Ne7) 2.0·10−3 Hot implantation 600°C 4.38·1014

Mn2aHT600Ne12 (Ne9) 2.0·10−3 Hot implantation 600°C 1.45·1015

Mn2aNe9 2.0·10−3 Annealing 600°C 4.38·1014

Mn2aHT400 2.0·10−3 Hot implantation 400°C none

Mn4aTa300 1.4·10−1 Annealing 200°C - 500°C none
Mn4aHT400 1.4·10−1 Hot implantation 400°C none
Mn4aHT500 1.4·10−1 Hot implantation 500°C none
Mn4aHT600 1.4·10−1 Hot implantation 600°C none

Mn4aNe5 1.4·10−1 Annealing 600°C 4.47·1011

Mn4aNe7 1.4·10−1 Annealing 600°C 4.38·1012

Mn4aNe9 1.4·10−1 Annealing 600°C 4.38·1013
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B.9 Details for Tb implanted ZnS nanowires

Ion energy Fluence
[keV] factor

380 1.00
170 0.25
90 0.19
20 0.1

Figure B.6: Superposition of the Tb implantation profiles calculated by SRIM (a) and iradina (b).
Table B.9: Ion energies and fluence factors for Tb implantation in ZnS nanowires.

Table B.10: Implantation and annealing parameter of Tb implanted ZnS nanowire samples.

Sample Tb Implantation Annealing
Tb [ at.%] Fluence [cm−2] Temp. [°C] Time [min]

Tb02AnHV200 0.2 1.36 · 1015 200/300 30
Tb02AnHV400 0.2 1.36 · 1015 400/500 30
Tb02AnHV600 0.2 1.36 · 1015 600/700 30

Tb02Ant10 0.2 1.36 · 1015 600 10
Tb02Ant30 0.2 1.36 · 1015 600 30
Tb02Ant90 0.2 1.36 · 1015 600 90
Tb02Ant270 0.2 1.36 · 1015 600 270

Tb2 2.0 1.38 · 1016 600 30
Tb02 0.2 1.36 · 1015 600 30
Tb002 2.0 · 10−2 1.36 · 1014 600 30
Tb2E-3 2.0 · 10−3 1.36 · 1013 600 30
Tb2E-4 2.0 · 10−4 1.35 · 1012 600 30
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B.9.1 Emission energies and excited level of Tb in ZnS nanowires

Table B.11: Emission energies and assignment of Tb3+ intra-4f transitions in ZnS nanowires derived
from PL and CL spectra. Assignment derived by comparison with theoretical calculations [530, 531] and
literature data [532, 533].

Emission [eV] Assingment Splitting [meV] Spacing above lower 7FJ level [meV]

3.266 - 3.215 5D3 → 7F6 51 296
3.006 - 2.919 5D3 → 7F5 87 159
2.85 - 2.76 5D3 → 7F4 90 100
2.717 - 2.66 5D3 → 7F3 57 103
2.644 - 2.557 5D3 → 7F2 87 30
2.55 - 2.527 5D3 → 7F1 24 53
2.474 - 2.50 5D3 → 7F0 27 0

2.549 - 2.498 5D4 → 7F6 51 286
2.301 - 2.212 5D4 → 7F5 89 205
2.131 - 2.007 5D4 → 7F4 124 64
1.998 - 1.943 5D4 → 7F3 55 100
1.911 - 1.843 5D4 → 7F2 68 49
1.830 - 1.794 5D4 → 7F1 30 43
1.776 - 1.751 5D4 → 7F0 15 0

Table B.12: Assignment of possible excitations of Tb in ZnS nanowires.

Energy [eV] Ground term Excited Level Citation

4.72 7F6 → 5F1 [530]
4.64 7F6 → 5F3 [530]
4.53 7F6 → 5F4, 5I7 [530]
4.41 7F6 → 5F5, 5I8 [530]
4.33 7F6 → 5H3 [530]
4.11 7F6 → 5H5 [530]
3.94 7F6 → 5D0 [530, 554]
3.87 7F6 → 5H7 [530]
3.78 7F6 → 5D1 [551]
3.70 ZnS Band edge [505, 554]
3.65 7F6 → 5G2 [530]
3.26 7F6 → 5D3 [505, 551, 552, 554]
2.91 7F4 → 5D3 PL Data, [530]
2.63 7F2 → 5D3 PL Data, [530]
2.56 7F6 → 5D4 [550, 551]
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Theses of the Dissertation

Lasing and ion beam doping of semiconductor nanowires
(Laseremission und Ionenstrahl-Dotierung von Halbleiter-Nanodrähten)

by Sebastian Geburt

• High quality CdS nanowires can be synthesized reliably via the VLS mechanism. The
emission properties of single CdS nanowires depend strongly on the excitation power, thus
a characterization of the crystal quality from the luminescence properties is difficult.

• CdS nanowires show stimulated emission and sharp guided modes appear at elevated exci-
tation powers. Laser oscillations are observed for nanowires with suitable morphology at
excitation above the threshold.

• The morphology of the nanowires defines an optical Fabry-Pérot resonator.

• Semiconductor nanowires are the smallest possible photonic lasers. The fundamental limits
for the occurrence of laser oscillations in ZnO and CdS nanowires are given by the materials
properties (emission energy, refractive index) in combination with the morphology (length,
diameter, shape of end facets).

• Semiconductor nanowires can be successfully doped with the desired concentration of op-
tically active elements using ion implantation. The recovery of the lattice damage can be
achieved by appropriate annealing procedures.

• The modification of the nanowire morphology upon ion irradiation is determined by the
defect creation in the lattice as well as sputter effects. Adjusted preparation conditions
enable the reduction of the morphological changes.

• The activation of the impurity emission is strongly coupled to the recovery of the host
matrix by annealing. Using appropriate parameters, the intra-shell luminescence dominates
the emission of implanted nanowires.

• The emission properties of single implanted semiconductor nanowires are dominated by the
impurity emission and the contribution of the host matrix to the luminescence emission
depends on the nanowire diameter and the ion range.

• The temporal luminescence decay of the impurity emission in ZnS nanowires depends in
the ion-ion distance, the defect concentration as well as the ratio of the distances to the
nanowire diameter. The modified Förster dipole-dipole energy transfer model is capable to
describe the transient correctly from a few hundred nanoseconds up to several milliseconds
after the excitation.

• Microscopic nanowire ensembles and single nanowires exhibit the same temporal decay
characteristic as the macroscopic ensemble, which can be attributed to the large number
of impurities in a single nanowire.



Thesen zur Dissertation

Laseremission und Ionenstrahl-Dotierung von Halbleiter-Nanodrähten

vorgelegt von Sebastian Geburt

• CdS Nanodrähte können über den VLS Mechanismus zuverlässig in hoher Kristallqualität
synthetisiert werden. Die Emissionscharakteristik einzelner CdS Nanodrähte ist stark ab-
hängig von der Anregungsleistung und eignet sich daher nur bedingt zur Bestimmung der
Kristallqualität.

• CdS Nanodrähte zeigen unter hoher optischer Anregung stimulierte Emission sowie das
Auftreten von geführten Moden. Bei geeingeter Nanodrahtmorphologie treten Laseroszil-
lationen bei Raumtemperatur oberhalb einer Schwellintensität auf.

• Durch die Morphologie der CdS Nanodrähte entsteht ein optischen Resonator, welcher die
Eigenschaften eines Fabry-Pérot Resonators besitzt.

• Halbleiter-Nanodrähte stellen die kleinst möglichen photonischen Laser dar. Die funda-
mentalen Größenbeschränkungen für das Auftreten von Laseroszillationen in CdS und
ZnO Halbleiternanodrähten lassen sich auf die Materialeigenschaften (Emissionswellen-
länge, Brechungsindex) in Verbindung mit der Morphologie (Länge, Durchmesser, Form
der Endfacetten) zurückführen.

• Halbleiternanodrähte können erfolgreich über Ionenimplantation mit Leuchtzentren in der
gewünschten Konzentration dotiert werden. Durch geeignete Temperverfahren kann die
Kristallstruktur ausreichend wiederhergestellt werden.

• Die Veränderung der Morphologie der Nanodrähte durch die Ionenbestrahlung wird durch
die Defektverteilung im Kristall sowie dem Abtrag von Oberflächenatomen bestimmt.
Durch angepasste Präparationsbedingungen können die morphologischen Veränderungen
deutlich reduziert werden.

• Die Aktivierung der Lumineszenz der optisch aktiven Leuchtzentren ist stark gekoppelt an
die Ausheilung der Kristalldefekte im Wirtsgitter. Bei geeigneter Präparation dominieren
die Leuchtzentren die Emission.

• Die Emissionseigenschaften einzelner implantierter Nanodrähte werden nach erfolgreicher
Aktivierung von der Emission der optischen Zentren geprägt. Der Beitrag der Emission
der Wirtsmatrix ist bestimmt vom Nanodrahtdurchmesser und der Ionenreichweite.

• Das zeitliche Abklingen der Leuchtzentren-Emission in ZnS Nanodrähten wird von dem
Ionen-Abstand, der Defektkonzentration sowie dem Verhältnis der Abstände zum Draht-
durchmesser bestimmt und wird korrekt vom modifizierten Förster-Dipol-Dipol-Energie-
transfer-Modell im Zeitraum von wenigen hundert Nanosekunden bis zu einigen Millisekun-
den nach der Anregung beschrieben.

• Mikroskopische Nanodraht Ensemble und einzelne Nanodrähte zeigen das gleiche Lumi-
neszenzabklingverhalten wie das makroskopische Ensemble, was sich auf die große Anzahl
an Leuchtzentren im einzelnen Nanodraht zurückführen lässt.
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